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Chapter 1 
 
General Introduction 
 
1.1 Overview 
Amorphous carbon and related films consist of a complex structure composed by 
components such as, “diamond-like” sp3 hybrid carbons, sp2 hybrid carbons, and hydrogen 
terminations, as shown in Fig. 1-1. The study of amorphous carbon films originated from the 
strong desire for synthetic diamonds at the end of 19th century [1]. Since the pioneer work by 
Aisenberg and Chabot in 1971 [2], the research of amorphous carbon films has been spreading 
from their theoretical basis to worldwide industrial applications because of their unique 
properties of chemical inertness, high hardness, excellent light transmission, special tribological 
behavior, gas barrier, and biocompatibility [3-5]. 
 
Figure 1-1 The structure diagram of amorphous carbon films 
With the continuous expansion of research, the effective classification of amorphous 
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carbon films becomes necessary because their properties depend strongly on the conditions and 
methods of synthesis [3, 6-7]. In order to classify the amorphous carbon films systematically, 
many attempts have been made [5, 8-13]. In these classification schemes, the amorphous carbon 
films can be categorized into six types: tetrahedral amorphous carbon, hydrogenated tetrahedral 
amorphous carbon, amorphous carbon, hydrogenated amorphous carbon (a-C:H), graphite-like 
carbon, and polymer-like carbon (PLC) films. Additionally, the first four types are commonly 
called for diamond-like carbon (DLC) films [12]. The quantitative structural analysis of the 
three phase as mentioned above in these classification schemes of amorphous carbon films is 
of paramount importance. Generally, Rutherford backscattering and elastic recoil detection 
analysis (RBS/ERDA) is used to obtain the hydrogen content of amorphous carbon films [14]. 
The estimation of sp3/(sp2+sp3) ratio usually is carried out by near-edge X-ray absorption fine-
structure (NEXAFS) analysis method [15, 16]. In recent years, however, researchers afraid that 
sp3/(sp2+sp3) ratio estimated by NEXAFS included not only network sp3 hybrid carbons but 
also sp3 hybrid carbons in the hydrogen-terminated cluster, so-called polymer-like phase [17]. 
Although existence of the diamond-like sp3 hybrid carbon network makes hard carbon films, 
polymer-like phase becomes film soft. Therefore, the relationship between the sp3/(sp2+sp3) 
ratio and hardness of the amorphous carbon films often mismatched. The quantitative analysis 
of polymer-like phase in the films is still not fully resolved, even though Raman and infrared 
are quite sensitive to this phase. 
In this study, the different physical and chemical deposition methods would be used to 
synthesis various types of amorphous carbon films. The comprehensive structural analysis of 
amorphous carbon films is carried out by the existing technologies of Raman scattering, 
RBS/ERDA, NEXAFS, solid-state nuclear magnetic resonance (NMR), and spectroscopic 
ellipsometry (SE) combine the Bruggeman effective medium approximation (BEMA). The 
amounts of sp3 hybrid carbons between network and polymer-like phase are estimated. 
Chapter 1 General Introduction 
 
 
 
Structural analyses of amorphous carbon and related films 
3 
Simultaneously, based on the structural analysis, we analyzed the physical properties of 
amorphous carbon films by SE, X-ray reflectivity (XRR), pico-indentor, and spectral radiance 
meter to explore the relationship between the different classification methods. The feasibilities 
of each classification scheme, e.g. the optical constants in terms of refractive index (n) and 
extinction coefficient (k), the BEMA models fitting, the appearance colors of amorphous carbon 
films would be discussed.  
1.2 Literature survey 
1.2.1 History of the structural analyses of amorphous carbon films 
Since the synthesis of DLC films was reported by Aisenberg and Chabot, various structural 
evaluations have been carried out on amorphous carbon films. The history of structure 
evaluation of DLC film can be roughly divided into following 4 categories: 
1) Empirical 
The sp3/(sp2+sp3) ratio and the hydrogen composition obtained as a result of the 
experimental analysis were gathered from the published data and represented in one ternary 
phase diagram. Since results were collect from multiple evaluation equipment, the reliability is 
low because many characteristics of the evaluation equipment overlap with the data. This can 
be seen on the ternary phase diagram and industrial standards proposed by Germany.  
2) Semi-quantitative 
The sp3/(sp2+sp3) ratio and the hydrogen composition are obtained from only one 
evaluation equipment. Therefore, the reliability is relatively high because the only one 
characteristic of the evaluation equipment overlap with the data. However, this technique 
requires not only high analysis skill for researchers but also cross check system. Up to now, 
only NEXAFS and RBS/ERDA have been employed to determine the sp3/(sp2+sp3) ratio and 
the hydrogen composition. Therefore, classification standard work of amorphous carbon films 
in Japan might be semi-quantitative work.  
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3) Quantitative 
The sp3/(sp2+sp3) ratio and the hydrogen composition are obtained from several types of 
evaluation equipment, that is cross check system. For example, the sp3/(sp2+sp3) ratio should 
be obtained from not only NEXAFS but also other equipment. This system has never been tried 
all over the world. 
There are detailed explanations for the history of the structural analyses of amorphous 
carbon films. As mentioned above, the use of effective classfication of amorphous carbon films 
is quite important for some industrial fields. Since the 1970s, the research about amorphous 
carbon began to flourish, the classification of amorphous carbon films also has gone through a 
process of continuous development, which from the initial ternary phase diagram [5, 8-10] to 
the various proposals discussed in the ISO TC/107 meetings [11]. 
A. Ternary phase diagram of amorphous carbon films 
From it is the first proposed by W. Jacob and W. Möller [8] to the report from K. Bewilogua 
and D. Hofmann [5], the ternary phase diagram has become an effective and common method 
for distinguishing different types of amorphous carbon, as shown in Fig. 1-2. However, this 
method is basically through the use of previous reports, finishing all the data summarized, so 
as to draw the difference between the chemical compositions of different types of amorphous 
carbon films to be classified. Since the previous reports used in the film component analysis 
will appear the accuracy and quantitative controversy, such as will include the qualitative 
method of sp3/(sp3+sp2) ratio and hydrogen content. Simultaneously, there were quite a few 
blank areas in the ternary phase diagram and partial overlap between the different types of films 
[5, 8-10]. Thus, this method has not yet formed a written standard of norms. 
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Figure 1-2 The ternary phase diagram of amorphous carbon films from beginning to the 
present: (a) the initial ternary phase diagram from W. Jacob and W. Möller [8], (b) the first full 
categories of ternary phase diagram [9], (c) ternary phase diagram after development [10], (d) 
recently ternary phase diagram [5]. 
 
B. The VDI 2840 classification standard of amorphous carbon films 
In 2005, the Association of German Engineers (VDI) gave the first classification standard 
of amorphous carbon films, with the brief contents listed in Table 1-1. This standard not only 
includes most of the pure amorphous carbon films but also includes a variety of elements doped 
amorphous carbon films. This standard also lists the main synthetic methods of different types 
of amorphous carbon films. However, it still does not explicitly point out the general method 
of quantitative analysis of each component (e.g. sp3/(sp3+sp2) ratio and hydrogen content) when 
amorphous carbon film is classified. Additionally, it does not contain all kinds of pure 
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amorphous carbon films (such as GLC and PLC). 
 
Table 1-1 VDI 2840 the classification standard of carbon coatings (2005) [12]. 
type name N.B. 
Ⅰ a-C PVD a 
Ⅱ ta-C PVD 
Ⅲ a-C:Me Metal doped a-C (Me: W, Ti, Mo, Al…), PVD 
Ⅳ a-C:H PA-CVD b 
Ⅴ ta-C:H PACVD, PVD 
Ⅵ a-C:H:Me 
Metal doped a-C:H (Me: W, Ti, Mo, Al…), 
PVD+PACVD, PACVD 
VII a-C:H:X 
Nonmetal doped a-C:H (X: Si, O, N, B, F…), 
PVD+PACVD, PACVD 
a: physical-vapor-deposition, b: plasma assisted (or plasma enhanced) chemical vapor 
deposition,  plasma enhanced. 
 
C. The JNDF classification standard of amorphous carbon films 
In 2012, the Japan New Diamond Forum (JNDF) proposed the classification standard for 
all types of pure amorphous carbon films. This standard for the first time in the exclusion of 
elemental doping, the whole type of amorphous carbon films were effectively classified. It 
achieved the corresponding with the ternary phase diagram and made up its shortcomings, as 
shown in Fig. 1-3.  
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Figure 1-3 The classification of amorphous carbon films put forward by the JNDF (2012). 
 
Table 1-2 The classification of amorphous carbon films put forward by the JNDF (2012). 
type name sp3/(sp2+sp3) (%) H (at.%) N.B. 
Ⅰ ta-C 50-90 ~5 DLC 
Ⅱ ta-C:H 50-100 5-50 DLC 
Ⅲ a-C 
20-50 
~5 DLC 
Ⅳ a-C:H 5-50 DLC 
Ⅴ GLC 0-20 0-5 Graphite-like 
Ⅵ PLC ― 50-70 Polymer-like 
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It is noteworthy that the JNDF DLC International Standards Committee, which is 
represented by H. Saitoh, explicitly presented a general approach to quantitatively analyze the 
hydrogen content and sp3/(sp3+sp2) ratio of amorphous carbon films. In the study of this 
standard using RBS/ERDA measuring the hydrogen content and C K-edge NEXAFS estimating 
the proportion of carbon NEXAFS. Table 1-2 lists the specific components of the different 
types of amorphous carbon films obtained by these methods. It is also pointed out that the first 
four types (I-IV) can be identified as the so-called DLC films [13]. 
D. The other classification proposals of amorphous carbon films 
Researchers and engineers fell few satisfaction with a difficulty of uses of classification 
standards of amorphous carbon films. Since the above classification method, in the test of 
hydrogen content and sp3/(sp3+sp2) ratio need to use the large equipment of an electrostatic 
accelerator and synchronous radiation source. Therefore, in order to realize a more simple and 
fast to efficiently classify of amorphous carbon films, the various physical and mechanical 
properties of the films have been tried to used. For example, optical constants, true density, 
hardness, appearance colors and so on [18-20]. 
The proposal of using reflective index n and extinction coefficient k of amorphous carbon 
films is by far the most feasible method. Fig. 1-4 shows the n-k classification proposal of 
amorphous carbon films discussed on the ISO TC/107 meetings (2017). This method used the 
spectroscopic ellipsometry to obtain n and k of the amorphous carbon films, then through simple 
data simulation to simplify the original complex structural analysis process. It has a huge 
potential to become the practical and simple standards on the classification of amorphous 
carbon films in the industrial fields. 
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Figure 1-4 The classification proposal of amorphous carbon films discussed on the ISO TC/107 
meetings (2017) [11]. 
 
1.2.2 Deposition methods of amorphous carbon films 
Above classification scheme tell us that different types of films have different structures, 
which need the corresponding synthesis method to obtain them. The structural analyses of the 
amorphous carbon films have become the most important research project for understanding 
their properties and releasing their classification. But before carrying out the structural analyses, 
it is indispensable to understand the preparation methods how they deposited various 
amorphous carbon films. 
Since Aisenberg and Chabot first time obtained the DLC films using ion beam deposition 
(IBD) method in 1971 [2], after half a century of development, there are many kinds of 
deposition methods successfully used to synthesize various types of amorphous carbon films 
[5, 7, 10]. These methods can be divided into two major categories of physical and chemical 
vapor deposition (PVD and CVD) techniques as shown in Fig. 1-5.  
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Figure 1-5 A diagram of ion energy distribution in common deposition methods for preparing 
amorphous carbon films. (PE: plasma enhanced, CVAD: cathodic vacuum arc deposition, PIII: 
plasma ion immersion implantation)  
 
At 300K, the formation free energy of diamond structure is 394.5 kJ/mol, while that of 
graphite structure is 391.7 kJ/mol [21]. Although the formation free energy of the two structures 
differs by only 2.8 kJ/mol, there is a considerable activation barrier, leading to the formation of 
graphite structure in thermodynamics is easy than that of the diamond. Thus, the metastable 
phase of the sp3 hybrid structure is only possible formed in the non-equilibrium process which 
in the preparation process need to ion bombardment of the growth surface. It can be seen that 
the particle energies of most deposition techniques distributed in the ion energy range of 1.0-
100 eV (Area 2) [22]. It mainly due to the amorphous carbon films with dense structure can be 
obtained in this energy segment, which can form the effective sp3 hybrid structure and show 
good mechanical properties. At low ion energy field (Area 1), such as thermal deposition, CVD 
techniques, and electrochemical deposition, the amorphous carbon films obtained by these 
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methods tend to be loose and have poor adhesion strength. In the higher energy range (Area 3), 
such as plasma ion immersion implantation (PIII) technique [23], although can obtain 
amorphous carbon films with a dense structure and high adhesion strength, because of the ion 
energy is too high, the sputtering effect will lead to the deposition rate severely reduced. 
Therefore, for the practical applications, the deposition methods of amorphous carbon films in 
the Area 2 has more practical significance. In this study, we mainly use the traditional synthetic 
methods, which their ion energy in the Area 2, to obtain different types of amorphous carbon 
films. 
1.2.2.1 Physical deposition methods  
The physical deposition techniques is a deposition method of amorphous carbon film on a 
target substrate by the energy exchange without chemical reaction, commonly called PVD 
method [24]. This method usually uses high purity graphite as a solid carbon source and alkane 
compound as a gas source, e.g. ion beam deposition (IBD), sputter deposition (Sputtering), 
pulsed laser deposition (PLD), cathodic vacuum arc deposition (CVAD), and other PVD 
techniques [5, 7, 10]. 
A. IBD method  
IBD technique is the first method to prepare the amorphous carbon films, as shown in Fig. 
1-6(a). The basic principle of this technique is using arc or filament to produce carbon or 
hydrocarbon ions from graphite target or hydrocarbon gas. Then using the ion gun to accelerate 
the ions leading to the substrate, thereby generating the amorphous carbon films on the substrate. 
The advantages of this technique are low deposition temperature and excellent process 
controllability. The ion energy and ion beam density can be changed independently over a wide 
range and is suitable for depositing films on no-heat-resistant substrates. It also has some 
disadvantages, such as its ion gun size is small and deposition rate is low. These disadvantages 
lead to it can not deposit films on a large substrate and not suitable for large-scale industrial 
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production. In view of this, the researchers have improved this technology, thus developing the 
ion beam assisted deposition (IBAD) technology, the schematic diagram shown in Fig.1-6(b). 
This technology is a good solution to the above problems and it can be said that is the effective 
combination of evaporation or sputtering and ion beam technology. 
 
Figure 1-6 Schematics of common PVD methods for preparing amorphous carbon films. (a) 
IBD, (b) Ion assisted sputtering, (c) Magnetron sputtering, (d) PLD: Pulsed laser deposition, (e) 
CVAD, (f) FCVA: filter cathodic vacuum arc [3]. 
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B. Sputtering method 
    Sputter deposition is the most commonly used method for industrial production of 
amorphous carbon films. Unlike the IBD method, this technique eliminates the need for 
complex ion sources, requiring only use the RF oscillations or magnetic field to excite Ar ions 
to bombard the solid graphite target. The sputtered carbon atoms (ions) originated from the 
graphite target penetrate into the substrate to fabricate amorphous carbon films. The magnetron 
sputtering is the most important one of sputtering techniques as shown in Fig. 1-6(c). Compared 
with the IBD technology, magnetron sputtering, on the one hand, to improve the rate of graphite 
sputtering; on the other hand also greatly improve the film density and sp3 hybrid structure 
content of amorphous carbon film [25]. Therefore, magnetron sputtering is the mainstream 
techniques of PVD technology, known as the most effective method for low-temperature 
deposition. Besides, this technology is also divided into balanced and unbalanced magnetron 
sputtering, with different power supply, such as radio-frequency (RF), direct-current (DC), and 
pulse magnetron sputtering. 
C. Pulsed laser deposition method 
    The first time of pulsed laser deposition technique applied to thin film deposition, which 
is not depositing a DLC film, but a high temperature superconducting thin film prepared by 
high energy excimer laser [26]. Nevertheless, it has made a rapid development of the PLD 
technology. The film forming process of this technology is divided into the following three 
stages: a laser melts the target surface to generate plasma; the plasma is directional local 
thermally expanded and emitted to a substrate; then the plasma deposited on the substrate to 
form DLC films, as shown in Fig.1-6(d). The technology has many advantages, such as fast 
response, fast film growth, strong directional, easy to achieve micro-area deposition. In addition, 
the preparation of the target in this technique is simple, no heating required. Since the ion energy 
of this technique is high (~100 eV), it is easy to grow the oriented structure at the lower 
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temperature and the film close to the single crystal. It is also because of these advantages, the 
researchers use PLD technology to obtain high hardness, smooth surface, and high sp3 content 
of hydrogen-free amorphous carbon films. However, due to the use of a laser as a sputtering 
source, it also has the drawbacks such as high energy consumption, small film deposition area, 
and uneven film thickness. 
D. CVAD method 
   CVAD method has a high ionization rate (60-80%) and can produce high-density plasma 
with an ion energy of about 100 eV as shown in Fig. 1-6(e). The method has the advantages of 
a strong substrate adhesion, low deposition temperature, and high deposition rate. So that this 
technique is easy to transform into industrialization production [27]. However, during the 
deposition process, the graphite target is prone to produce large amounts of microscopic carbon 
particles under the action of a high-temperature arc. These particles are deposited on the 
substrate together with the carbon ions, which will cause the deposited film surface to become 
rough, thus greatly reducing the performance of the film [28]. To overcome the disadvantage, 
Aksenov et al. [29] developed the filtered cathodic vacuum arc (FCVA) deposition technology 
based on the CVAD, which is characterized by the magnetic filter tube arranged in front of the 
cathode arc, using a magnetic field to change the trajectory of carbon ions and make large 
particles separated, as shown in Fig. 1-6(f). Studies have shown that FCVA is the most 
important and effective method for the deposition of amorphous carbon films with high 
hardness, low friction coefficient, high elastic modulus, and other properties, although the use 
of the filter tube reduced the deposition rate in some degree. 
1.2.2.2 Chemical deposition methods  
The CVD techniques is a method for producing an amorphous carbon film using a 
chemical reaction. This chemical reaction mainly includes thermal decomposition, oxidation, 
reduction, and dissociation excitation. In these chemical reactions, besides heat, the plasma and 
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light are also used as the activation energy source. In accordance with the difference of 
activation energy source, the CVD method can be divided into the following three types: hot 
filament (HF)-CVD, direct photochemical (DP)-CVD, and plasma-enhanced (PE)-CVD, as 
shown in Fig. 1-7. 
 
Figure 1-7 Schematics of common CVD methods for preparing amorphous carbon films. (a) 
HFCVD, (b) PECVD, (c) DPCVD. 
 
A. HFCVD method  
In the HFCVD technique, substrate is usually placed in the bottom of a reaction tube, a 
filament (tungsten) is setting on top of the substrate and heating to over 2000 ℃, then the 
hydrocarbon gas which in the reaction chamber will be dissociated and excited to produce 
carbon ions or active atoms. After that, these excited carbon particles are deposited on the 
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substrate, which is heated to 600-1000 ℃, to obtain the amorphous carbon films, as shown in 
Fig. 1-7(a). This method has the advantages of uniform deposition, simple equipment, and easy 
to scale up. However, the disadvantages of this technique are the deposited film easily 
contaminated, poor quality, and the substrate is restricted due to the high deposition temperature. 
B. PECVD method 
    Fig. 1-7(b) shows the schematics of PECVD method, it is a thin film deposition technology 
was developed in the 1970s [30]. It is a comprehensive utilization of glow discharge process 
and chemical vapor deposition. Since, this method can control the film thickness and structure 
easily by adjusting the process parameters, the amorphous carbon film with uniformity, 
compactness, and stability can be obtained under a low deposition temperature. It has become 
one of the most commonly method to prepare the amorphous carbon films. According to the 
difference of plasma excitation source, PECVD technology is also divided into DC glow 
discharge, RF glow discharge, and electron cyclotron resonance (ECR) PECVD methods [31-
34]. 
C. DPCVD method 
    When the PVD apparatus use to deposited amorphous carbon films, laser, microwave, and 
other ion beam process produced charged particles to bombard or sputter onto a substrate, 
resulting in a high substrate temperature and leading to the application of PVD techniques are 
limited. Then in the 1980s, direct photochemical vapor deposition method was introduced to 
synthesize of amorphous carbon films, called by DPCVD [35, 36], as shown in Fig. 1-7(c). The 
essence of the DPCVD method is using photons to promote the decomposition of the reaction 
gas to deposit the amorphous carbon films. The reaction process is strongly dependent on the 
wavelength of the light source (usually by laser or ultraviolet light). In addition, the substrate 
temperature in this method is a variable independent of the reaction, therefore a low-
temperature high-speed film formation can be achieved. 
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1.2.3 Structural analysis of amorphous carbon films 
The structural composition of material determines its macroscopic properties. Therefore, 
the characterization of the composition and structure of material is a crucial way to understand 
the difference of properties and applications of materials. For the thin film material, including 
amorphous carbon films, the fundamental principles of the general analysis methods are based 
on the micro-physical interaction between the film material and the outer field. In order to 
analyze the chemical composition and bonding state of thin film materials, the excitation source, 
such as photons, electrons, ions, and neutral particles, sometimes combine with an electric field, 
a magnetic field or thermal auxiliary [37-40], are used to excite the testing sample to emit 
particles which are carrying the information of elemental component.  
A series of current methods such as Raman, Fourier transform infrared (FT-IR), X-ray 
photoelectron spectroscopy (XPS), NEXAFS, solid-state NMR, SE, and RBS/ERDA have 
become the important methods for in-depth analyses of the structure and composition of 
amorphous carbon films [17, 37-40]. Previous studies show that the mechanical, optical and 
electrical properties of amorphous carbon films are closely related to the bonding state of carbon 
atoms in the films. That is, the content and state of sp3 hybrid carbon bonds, sp2 hybrid carbon 
bonds, and hydrocarbon bonds directly determine the above properties. Thus, the analysis of 
sp3/(sp2+sp3) ratio and hydrogen content have a great significance on the structural analysis of 
amorphous carbon films. With the development of amorphous deposition technology, the 
synthesis of different types of amorphous carbon films has been realized continuously. The 
same with the above classification schemes, the structural analysis of amorphous carbon films 
has also developed to a certain degree of quantitative analysis from the initial qualitative 
analysis. In this study, we focus on the quantitative comparison of different structural analysis 
methods in the amorphous carbon films. It is necessary to systematically review the current 
structural analysis techniques before describe the statement problems of this thesis in 1.3. 
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1.2.3.1 Qualitative structural analysis of amorphous carbon films 
For the current situation, RBS/ERDA and NEXAFS techniques are considered to be able 
to achieve better quantitative analysis the hydrogen content and sp3/(sp2+sp3) ratio of 
amorphous carbon film. Nevertheless, before determining these methods, the researchers also 
try to use various kinds of methods to analyze the structure of amorphous carbon films, for 
example, Raman, FT-IR, and XPS. And until now, they are also the important options on the 
analyzing and comparing of amorphous carbon films. 
A. Raman and FT-IR method 
Both Raman and IR are the spectra measurements of the molecular vibrational and 
rotational levels in the materials, while the molecular vibration depends on the chemical 
composition and structure of amorphous carbon films [41]. When the sample is irradiated with 
infrared rays, the infrared rays having the same vibration frequency with the molecules will be 
absorbed by resonance, thereby exhibiting an absorption peak in the infrared spectrum. The 
molecular vibration frequency of material is generally extending from the infrared to the far 
infrared, and the vibrational frequencies of the same molecule are known to be determined. 
Therefore, the infrared absorption spectrum can be used to identify the bonding properties of 
the molecular group contained in the materials [42]. In addition, when a monochromatic light 
is irradiated onto a material, most of the light passes through, and the small part of the light 
collides with the molecules and scatters in all directions. If this process has no the energy 
exchange occurred, which is an elastic collision, will be called Rayleigh scattering, thereby the 
frequency of the outgoing light does not change. Conversely, if it has the energy change 
occurred, which is an inelastic collision, will be called Raman scattering, the frequency of 
outgoing light will be changed [43]. The fundamental principle of Raman spectroscopy is to 
analyze and identify the chemical composition and bond state of the sample by measuring the 
change in frequency (the displacement of the wave number) [44]. 
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However, the infrared absorption and Raman scattering are not occurred just only present 
the frequency of the incident light is equal to the frequency of the molecular vibrations. The 
infrared absorption is caused by the dipole moment change of the molecule vibration, while the 
Raman is caused by the polarization change of the molecular vibration. Due to the different 
mechanism, generally, the asymmetry molecule and polar group vibration will cause changes 
in the molecular dipole moment, known as the infrared activity; while the symmetry molecular 
and nonpolar group vibration will make the polarization rate changes, called the Raman activity 
[45]. Therefore, the vibrations of nonpolar bonds constituted by the same atoms, such as the C-
C, N-N, and S-S bonds, can obtain their information from the Raman spectra. Similarly, the 
C=O, C-H, N-H, and O-H bonds, which are constituted by the different atoms can obtain their 
vibrations information from the IR spectra. It can be seen that Raman and IR spectroscopy have 
an excellent complementarity [46].  
Raman spectroscopy has become an important tool for studying the structural 
characteristics of diamond, carbon nanotubes, amorphous carbon, graphite and other carbon 
materials [47]. Figure 1-8 shows the Raman spectra of several typical carbon materials. 
Diamond has a characteristic peak at 1332 cm-1, a symmetrical vibration pattern derived from 
T2g, indicating that there are sp
3 hybrid carbon bonds present in the material. The characteristic 
peaks of the monocrystalline graphite are in the vicinity of 1580 cm-1, which is the central 
vibration mode of the E2g region of the crystalline graphite, which is a symbol of the existence 
of sp2 hybrid carbon. As we know, the amorphous carbon films have the structure between the 
diamond and graphite, therefore, the structure also has some connection with them. 
When the long-range order is broken, the new peak that derived from the disorder of 
microcrystalline graphite in the amorphous carbon films will be appear, the so-called D peak 
can be attributed to the Brillouin boundary phonon scattering. Simultaneously, with the decrease 
of graphite crystallite size, the intensity and full width at half maximum (FWHM) of D peak 
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will increase, and the G peak position will shift to direction of high wave number, as shown in 
the Fig. 1-8. Amorphous carbon film generally have an asymmetrical broad peak in 1500 cm-1 
clearly distinct from diamond and graphite, which can use Gaussian or Lorentz function to 
decompose into D and G peaks [48]. Also, the previous studies have used ID/IG ratio to estimate 
the sp3/sp2 ratio, but due to the visible light (514 or 488 nm) only have a low energy which 
cannot obtain the information from σ →σ＊ bindings, only the sp2 has a high Raman sensitivity. 
In another word, Raman spectrum cannot even give direct evidence of the existence of the sp3 
hybrid bonding. 
 
Figure 1-8 Raman spectra of various carbon materials (mc: microcrystalline, a-C: amorphous 
carbon, a-C:H: hydrogenated amorphous carbon, ta-C: tetrahedron amorphous carbon) [3, 49]. 
 
Additionally, there are also researchers using the photoluminescence (PL) background of 
Raman spectra to estimate the hydrogen contents of amorphous carbon films. In this method, 
when the hydrogen content in the amorphous carbon film is higher than 20-25 at%, the Raman 
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spectrum will appear obvious PL background, then we can use the empirical formula (1-1) to 
estimate the content of hydrogen of amorphous carbon film [50, 51]:  
H at.% = 21.7 + 16.6 log(m/IG),      (1-1) 
where m is the slope of the Raman spectra between 1000 and 1800 cm-1, which is the slope of 
the so-called PL background, and IG is the intensity of the G peak. This method can be reflect 
the hydrogen contents of amorphous carbon films to some degree, however, when the hydrogen 
content more than 40-45 at.% (PLC films), PL background will be too strong to cover up the 
signals of G and D peaks, then this empirical method will be invalid. 
Using the FT-IR spectroscopy to study amorphous carbon film is most commonly used in 
the 2700-3000 cm-1 absorption band, corresponding to different C-H stretching vibration modes. 
While the C-H bending vibration and C-C stretching vibration modes below 1800 cm-1 are not 
used because of their weak strength and severe overlap. Generally located at 3300-3100 cm-1 
absorption band can be attributed to sp1 hybrid C-H stretching vibration mode, as well as 3100-
2960 cm-1 and 2950-2700 cm-1 are attributed to sp2 and sp3 hybrid C-H stretching vibration 
modes, respectively [52, 53]. However, the continuity of these peaks leads to the uncertainty of 
decomposition so that FT-IR can only be used as a qualitative method for the structural analysis 
of amorphous carbon films. 
B. XPS method 
XPS is one kind of surface analysis technique that studies the surface elemental 
composition and ionic state of materials [54]. The basic principle of XPS is through the X-ray 
irradiating the materials, so that the inner electrons or valence electrons in the atoms or 
molecules of materials can absorb the light energy and excite from the surface of the material 
counting by a solid-state detector. Therefore, the analysis of photoelectron energy can obtain 
information of the chemical composition and structure of the material. Usually, XPS can be 
used for the following analysis of the materials: according to the area of photoelectron peaks to 
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obtain the atomic content or concentration, realizing the quantitative analysis of elements; 
accurately measuring the chemical shift of inner-shell electron binding energy to provide the 
information of a chemical bond, charge distribution, and the structure of the compound; through 
the analysis of the surface chemical composition, element composition, atomic valence state, 
and surface energy distribution of the material to obtain the information of the electron cloud 
distribution and energy level structure of the surface electrons, then realize the surface analysis 
of the solid [55]. 
 
 
Figure 1-9 C1s XPS spectra for diamond, graphite, and a typical amorphous carbon film [56]. 
 
For the carbon material, because the carbon element is non-polar, the difference of the 
chemical shift of electronic binding energy in the different states of carbon atoms are quite 
small, as shown in Fig. 1-9. Although the bond length of diamond structure sp3 is longer than 
graphite sp2, but their chemical shift difference is only about 1.2eV (the peak of diamond at 
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285.6 eV as well as graphite at 284.4 eV). Amorphous carbon films have the peak between 
diamond and graphite which is generally considered at 285.1 eV, and also will be shift with the 
sp3/(sp3+sp2) ratio changed. It is precisely due to this reason, many researchers try to use XPS 
spectral curve fitting to quantify the sp3/(sp3+sp2) ratio in the amorphous carbon film. However, 
Cuomo et al. have shown that the energy difference between sp3 and sp2 peaks in the amorphous 
carbon film is even less than 0.5 eV [56], therefore, XPS is too difficult to achieve quantitative 
analysis of amorphous carbon film structure. 
1.2.3.2 Quantitative structural analysis of amorphous carbon films 
RBS/ERDA is by far the most effective way to perform the quantitative analysis of 
hydrogen content, NEXAFS is a relatively accurate and commonly used method for quantitative 
analysis of sp3/(sp3+sp2) ratio of the amorphous carbon films. Meanwhile, although the solid-
state NMR sample preparation and testing itself is relatively complex, but it is possible to 
simultaneously quantify and effective way of analyzing the hydrogen content and sp3/(sp3+sp2) 
ratio of the amorphous carbon films. Additionally, the use of SE combined with BEMA theory 
to DLC structural analysis is also a very promising method. In the following, we will briefly 
introduce these methods. 
A. RBS/ERDA method 
The elastic recoil detection analysis (ERDA) was attached to a Rutherford backscattering 
(RBS) apparatus [13, 14, 57]. Schematic drawing of the principle of the elastic recoil is shown 
in Fig. 1-10. First, a high-energy He+ ion beam, which is accelerated in the accelerator, 
irradiates the film surface. A small fraction (0.1%) of He+ ions are scattered elastically from the 
sample. These He+ ions are called Rutherford backscattering particles and captured by a solid-
state detector (SSD), hence, the RBS is carried out. This technique is used to determine the 
atomic fraction of nitrogen, carbon and other elements except hydrogen in the film. When the 
most of He+ ions collide elastically with hydrogen atoms in the sample, immediately, the 
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hydrogen atoms fly from the sample to the SSD, is called ERDA process. This technique was 
performed for determining the atomic fraction of hydrogen of films. Additionally, the best depth 
profile of this technique is distributed in the range of 100-1000 nm, and its estimating error is 
around 5% (e.g. H content is 35 at.% means 35± 1.75at.% is appropriate). Therefore, ERDA is 
an effective quantitative analysis method on the hydrogen contents of amorphous carbon films. 
 
Figure 1-10 Schematic drawing of the principle of the elastic recoil. 
 
B. NEXAFS method 
    Before the advent of X-ray absorption spectroscopy (XAS), electron energy loss 
spectroscopy (EELS) has considered as an effective means of analyzing carbon materials. 
However, the EELS has an unavoidable problem of the radiation damage. Simultaneously, 
energy loss electrons interact with electrons in the sample, will make the peak to be broad, 
leading to it is difficult to obtain the detailed chemical states of materials such as –CH bonding 
[58, 59]. NEXAFS, also known as X-ray absorption near edge structure, as one of the important 
methods of XAS with using a high-resolution diffraction grating type spectrometer, which is 
appeared in the latter half of the 1990 's [60]. The continuous soft X-ray was used as a light 
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source in this technique. Since it can obtain high energy resolution and signal strength spectrum, 
the statistical accuracy of data has exceeded that of conventional EELS measurements. 
According to the different excitation process, XAS can be divided into NEXAFS and 
extended X-ray absorption fine structure (EXAFS). NEXAFS starts about 5 eV beyond the 
absorption threshold and has low kinetic energy range (5-150 eV), while EXAFS has a high 
kinetic energy range (150-2000 eV) [61]. EXAFS is caused by the interaction of the excited 
electrons with the adjacent scattering electrons to cause the structural vibration of the target 
element. After the Fourier transform, the local structure can be obtained (such as atomic species, 
atomic spacing, etc.). Meanwhile, NEXAFS takes the spectral structure that depends on the 
valency and coordination structure of the target element, which corresponding to the electron 
excite from inner shell to vacant orbital. It is also the root reason why the NEXAFS can estimate 
the sp3/(sp3+sp2) ratio of the amorphous carbon film with high accuracy [62].  
Generally, carbon atoms have four unpaired electrons and form three kinds of hybrid 
orbitals such as sp, sp2, and sp3. In the amorphous carbon films, due to its high binding energy, 
the abundance of sp hybrid orbital is negligible, so that the sp2 and sp3 has become the key 
factors in their structural analysis. Fig. 1-11 shows the energy level of carbon atoms in 
amorphous carbon films. Carbon atoms combine adjacent atom and electron to form a bond, 
but when taking a sp3 hybridized orbital, it forms only a σ bond which located on the empty 
orbit that higher than vacuum level. On the other hand, when the sp2 hybridized orbital formed, 
there will be a surplus electron thereby forming a π bond which located below the vacuum level 
and lower by about 10 eV than the empty orbital of the σ bond. Hence, σ bond presents in both 
sp3 and sp2 hybridized orbitals, but π bond exists only in sp2 hybridized orbital. Therefore, the 
excitation process of carbon 1s→ σ* and 1s→π* can be used to detect the ratio of sp3 and sp2 
hybridized orbitals; especially, the latter which only comes from sp2 hybridized orbitals is the 
key factor to realize the structural analysis of amorphous carbon films [13]. 
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Figure 1-11 Energy level of carbon atoms in amorphous carbon films, (a) carbon sp3 hybrid 
orbital, (b) carbon sp2 hybrid orbital. 
 
Figure 1-12 Typical carbon K-edge NEXAFS spectrum of amorphous carbon film.  
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Figure 1-12 shows a typical carbon K-edge NEXAFS spectrum of amorphous carbon film. 
As we know, the ionization energy of carbon is 295 eV, when the energy over than the value, 
the direct ionization photoelectrons (yellow area) will be contained in the carbon K-edge 
NEXAFS spectrum and derived from σ* orbitals. The pink area is derived from σ* orbitals 
resonant Auger electron and its secondary electrons, as well as the blue area of π* orbitals. 
Additionally, the NEXAFS spectrum of diamond which only contains the sp3 carbon hybrid 
orbitals structure has no π* peak appearance [63, 64]. Reciprocally, the graphite which only 
contains the sp2 carbon hybrid orbitals structure has a strong π* peak in the energy about 285.4 
eV [65, 66]. Hence, the sp3/(sp3+sp2) ratio can be estimated from the area ratio of π* and σ* 
peaks. However, before implementing this assessment the standard reference must be 
considered. The highly oriented pyrolytic graphite (HOPG) is proven to be a very effective 
standard materials on the estimate of sp3/(sp3+sp2) ratio of amorphous carbon film [67]. The 
sp3/(sp3+sp2) ratio can be obtained from: 
sp3
sp2+sp3
=1-
Iπ,  sample
Iall,  sample
⁄
Iπ,  HOPG
Iall,  HOPG
⁄
      (1-2). 
 
 
Figure 1-13 The layout of BL3.2U SLRI, Nakhon Ratchasima, Thailand. 
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Figure 1-14 The layout of BL05 at the NewSUBURU, Hyogo, Japan. 
 
It is noted that the carbon K-edge NEXAFS measurement of amorphous carbon films 
needs to use a continuous soft X-ray source which has the energy near the field of 300 eV. 
Because the energy of the light source in the soft X-ray field and the ionization energy of the 
atomic electrons in the inner shell are equivalent, the interaction effect with the material is 
evident. However, so far only synchronous radiation light source only meet this condition. In 
this study, the NEXAFS measurement was performed at the BL3.2U of the Synchrotron Light 
Research Institute (SLRI) (Public Organization), Nakhon Ratchasima, Thailand (Fig. 1-13), 
and BL05 at the NewSUBURU, Hyogo, Japan (Fig. 1-14). In addition, NEXAFS also belongs 
absorption spectroscopy analysis, therefore the principle of the absorption coefficient α based 
on the Lambert-Beer rule also applies this method [68]. However, since the absorption 
coefficient of the soft X-ray capable of exciting the inner shell electrons is too large, it is 
difficult to realize the sample analysis by the transmission method even for the thin film sample. 
Electron yield detection technique usually used to solve this problem, which though measuring 
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the ratio of absorption intensity I and various electrons (Auger electrons, ionized photoelectrons, 
and secondary electrons) during the NEXAFS test. There are several pathways to perform 
electron yield measurements such as total electron yield (TEY), partial electron yield (PEY), 
Auger electron yield (AEY), and fluorescence yield (FY) detections [61]. TEY and PEY are the 
most used techniques. In the TEY mode, the total number of electrons (photoelectrons, Auger 
electrons, secondary electrons) emitted from the sample are counted. The result is a high signal 
rate, but a low signal-to-background (1-2%) ratio. PEY mode has a better signal-to-background 
ratio (10-20%) [61] and more surface sensitive than the TEY mode. TEY is detected by 
measured electron that top up from ground (or earth) to sample but PEY is detected electron 
that directly emitted from the sample. Whether PEY or TEY mode, the electron yield method 
prefer sample having a good conductivity, which means electrons easily to escape, while poor 
conductivity means to have a risk of the charging effect. This is why we are also trying to 
compare the two methods of NMR and NEXAFS on the quantitative analysis of a higher 
hydrogen content (low conductivity, contain the polymer-like phase) of amorphous carbon films 
in this study.  
C. Solid-state NMR method 
NMR spectroscopy is a spectroscopic technique that applies nuclear magnetic resonance 
phenomena to the determination of molecular structures [69]. In general, it is often used by 
organic chemical researchers as the most effective method to structural analysis of materials. 
NMR provide that information contains not only the number and types of chemical functional 
groups in the molecule, just as with the FT-IR spectrum, but also the atomic level information 
of various components of molecule [70].  
When the atomic number and mass number of an atomic nucleus are not even numbers, it 
has a nuclear spin number I and magnetic dipole moment which is not 0 and can consider the 
atom to be a small magnet. The magnet performs precession movement at a constant frequency 
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around a magnetic field, when a magnetic field is applied to the magnet. In this case, the atomic 
nucleus is considered as a magnetic dipole moment. The frequency of the precession movement 
of the magnetic dipole moment of nucleus is called the Larmor frequency. If a magnetic field 
is applied to the nucleus and rotating at the same frequency with the Larmor frequency, 
resonance occurs between the magnetic field and the nucleus which called nuclear magnetic 
resonance (NMR). 
There is a rotating electron cloud around the nucleus, and the rotating electrons and the 
external magnetic field to form a parallel magnetic field, which will have an impact on the 
magnetic field of the nucleus itself, called by shielding. The precession movement of the 
nucleus will be affected by the shielding effect, thereby changing the resonant frequency. The 
difference in shading and resonant frequency results from the difference in electron density and 
electron distribution around the nucleus, thereby determining its chemical environment. The 
chemical environment is different among the different atoms and will produce chemical shifts. 
Chemical shift (δ) is the basic element of NMR spectroscopy for analyzing the structure of 
materials, defined as: 
δ = 
ν - νref
νref
⨯106,        (1-3) 
where ν is the Larmor frequency of observed material, νref is the Larmor frequency of reference 
material. Strictly speaking, the chemical shift is only a value without a unit, usually expressed 
in parts per million (ppm). Currently, the most commonly used 1H NMR and 13C NMR use 
tetramethylsilane or adamantane as a reference material because the chemical shift of its phonon 
or carbon element is zero [13]. 
For powder, crystalline, and other insoluble solid sample, it is necessary to use a solid-
state NMR. In this case, the magnetic anisotropy of chemical shift and dipolar coupling will 
dominate in the nuclear spin system, becouse the factors during the solid NMR measurement 
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have to consider. In order to solve these problems, solid-state NMR measurement usually 
introduces the magic angle spinning to counteract the magnetic anisotropy of chemical shift 
and dipolar coupling, additionally, using the cross-polarization to improve the nucleus signal 
strength of low rotation ratio nucleus [71]. Therefore, the cross-polarization 1H→13C MAS 
NMR measurement was carried out in this study to analyze the structure of amorphous carbon 
films. 
 
Figure 1-15 Schematic drawing of the principle of Spectroscopic Ellipsometry. 
 
D. SE and BEMA method 
The elliptical polarization technique is a versatile and powerful optical technique that can 
be used to obtain the dielectric properties (complex refractive index N and dielectric constant 
ε) of the film [72]. Since SE is a very sensitive film properties measurement technology and 
has the advantages of non-destructive and non-contact, it has been applied in many different 
fields, from basic research to industrial applications such as semiconductor physics research, 
microelectronics, material science, and biology. Fig. 1-15 shows the schematic drawing of the 
principle of SE, it generally measure the complex reflectance ratio (ρ) of a material, which is 
parametrized by the amplitude component (Ψ) and the phase difference (∆).The polarization 
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state of the light incident upon the sample is decomposed into an s and a p component, which 
the s component is oscillating perpendicular to the plane of incidence and parallel to the sample 
surface, and the p component is oscillating parallel to the plane of incidence. The amplitudes 
of the s and p components are denoted by rs and rp, after reflection and normalized to their 
initial value. The angle of incidence is chosen close to the Brewster angle (set to 70 in this 
study) of the sample to ensure a maximal difference in rs and rp, respectively. The ρ is the ratio 
of rs over rp: 
ρ = 
rp
rs
 = tan(Ψ)ei∆,      (1-4) 
where tan (Ψ) is the amplitude ratio upon reflection. Since SE is relatively insensitive to scatter 
and fluctuations, it requires no standard sample or reference beam, therefore, it is very accurate, 
robust, and reproducible. 
However, SE is an indirect method, in general, the measured Ψ and ∆ cannot be converted 
directly into the optical constants of the sample, normally, a model analysis must be performed 
(e.g. Forouhi Bloomer model) [72-74]. The film thickness can be obtained from the optical path 
difference (β), which from the measurement of Ψ and Δ, as: 
ρ = tan(Ψ)ei∆=
r01, p+r12, pexp(-i2β)
1+r01, pr12, pexp(-i2β)
   
r01, s+r12, sexp(-i2β)
1+r01,sr12, sexp(-i2β)
⁄ ,      (1-4) 
β=
2πd
λ
N cosθ ,      (1-6) 
where r is the amplitude reflection coefficient of the p or s plane in different medium (e.g r01,p 
is the r of p in medium 0 and 1), d is the film thickness, λ is the wavelength of incident light, N 
is the complex refractive index, and θ is the refraction angle [72]. Usually, the Tauc-Lorenz 
dispersion formula is used to fit and estimate the N (or ε) of amorphous carbon films [75, 76], 
as: 
{
N=n-ik
N2=ε=εr-iεi
,      (1-7) 
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where n is refractive index, k is extinction coefficient, εr is the real part of dielectric constant, 
and εi is imaginary part of the dielectric constant. Therefore, the film thickness d, refractive 
index n, and extinction coefficient k of amorphous carbon films can be obtained from the SE 
analysis. 
 
Figure 1-16 Schematic illustration of dielectric states supposed in EMA equations: (a) Maxwell-Garnett 
and (b) Bruggeman. 
 
In addition, it is an anticipated direction that using SE directly to make a structural analysis 
of amorphous carbon films. F. Demichelis et al. [77, 78] and D. Franta et al. [79] have used the 
dielectric function to analysis of amorphous carbon films, where the imaginary part of ε can be 
regarded as contributions from different transitions (e.g. π → π*, and σ → σ*), from which a 
sp3/(sp3+sp2) ratio can be also derived. However, they are more inclined to use empirical models, 
indicating that the theoretical basis of this method still need further discussion. So that, it is 
difficult to achieve quantitative analysis to compare the sp3/(sp3+sp2) ratio with the NEXAFS 
or solid-state NMR results. On the realization of the unification of SE and NEXAFS in the 
structural analysis of amorphous carbon films, we have selected to use the BEMA theory [80, 
81]. The theoretical explanation about BEMA has been given by Bruggeman in 1935 [82]. 
However, before that, another theoretical model, which called Maxwell-Garenett effective 
medium approximation (MG-EMA) [83], has been proposed. Fig. 1-16 shows schematic 
illustration of dielectric states supposed in EMA equations: (a) Maxwell-Garnett and (b) 
Bruggeman. Then, a comprehensive comparison of MG-EMA and BEMA on the analysis of 
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inhomogeneous materials was presented by Niklasson et al. [84], their results proved that the 
latter seems to be more effective. Appendix A gives the detailed explanation of BEMA theory. 
In the BEMA equation, the dielectric function of amorphous carbon films (εa) can be 
approximated in terms of the selected specific standard materials (εs), as shown in the following 
equation: 
∑ f
s
εs-εa
εs+2εa
=0
n
s=1
,         (1-8) 
where fs is volume fraction of the component standard materials, n is the total number. In Eq. 
(1-8), 
∑ f
s
n
s=1
=1.          (1-9) 
Therefore, we can estimate the BEMA density (ρBEMA) and BEMA sp3/(sp3+sp2) ratio by the 
fitting of spectroscopic measurement of amorphous carbon films under the well-defined 
standard materials (e.g. Diamond, HOPG, Glassy Carbon, polyethylene, and Void), as: 
   ρ
BEMA
=∑ ρ
i
×f
i
 ,            (1-10)
3
i=1
 
where ρi is the density of the standard material and fi is the volume fraction defined in Eqs. (1-
7) and (1-8) [85].  
1.2.3.3 Physical properties analysis of amorphous carbon films 
As we know, different processing methods often produce different structures, thereby 
determining the physical, mechanical, and chemical properties of materials as well, ultimately 
make the range of their application appear qualitatively different. Conversely, the properties of 
materials can also be a certain degree of reaction their structures. We can also understand the 
amorphous carbon films by using the tetrahedron which constituted by processing, structure, 
properties, and performances [19, 86]. Hence, analysis of the physical properties of the 
Chapter 1 General Introduction 
 
 
 
Structural analyses of amorphous carbon and related films 
35 
amorphous carbon films will be more helpful to understand their structures. The most important 
physical properties of amorphous carbon films are the true density and hardness.  
A. XRR True density 
XRR is a surface-sensitive analytical technique used in physics, chemistry, and materials 
science fields to characterize surfaces, thin films, and multilayers films. The XRR technology 
is a method of determining the film true density according to the total reflection angle of 
different materials by X-ray irradiation at an extremely shallow angle (0.1 < 2θ < 3.0). In the 
XRR measurement, the reflective index at which the critical angle of total reflection of film 
satisfied the relationship as [87]:  
{
 
 
 
 
n=1-δ-iβ
δ=
Nare(Z+f
ʹ
)ρλ2
2πA
β=
Naref
ʺ
ρλ
2
2πA
,      (1-11) 
where, Na is the Avogadro constant, re is the classical electron radius, Z is the average atomic 
number, f ʹ and f ʺ are anomalous dispersion light of the atomic scattering factor, ρ is the film 
density, λ is the wavelength of the X-ray, and A is the average atomic mass. The critical angle 
θ is defined as cos θ = 1 - δ from Snell's equation [72]. The true density of the film can be 
expressed by the equation (1-11) from the relationship between δ in the formula (1-11) and the 
critical angle. 
ρ = 
πAθc
Nare(Z+𝑓 ʹ)λ
2
.      (1-12) 
Also, when X-rays are irradiated to a thin film having a film thickness d, interference occurs 
between the entering X-ray and the reflected X-ray at an angle equal to or larger than the critical 
angle, and a vibration peak (fringe) with a constant period appears. Equation (1-13) shows the 
condition of θm when the mth peak in the period appears in the XRR profile. 
θm=√(
mλ
2d
)
2
+θc
2.      (1-13) 
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From the above equations, by fitting critical angles and fringes in the reflection intensity profile 
of X-rays by the least squares method, the true density and film thickness of the amorphous 
carbon film can be obtained [88, 89]. 
B. Pico-indentation Hardness 
 
Figure 1-17 Schematic illustration of (a) conical indentation and (b) loading-unloading curve. 
 
Indentation hardness is another important properties used to characterize the ability of 
amorphous carbon film to resist deformation. Indentation hardness can be divided into macro-
indentation (e.g. Vickers hardness (HV), Brinell hardness, Knoop hardness (HK), and Rochwell 
hardness), and micro-indentation (e.g. HV and HK). For the thin film, micro-indentation tests 
have been widely used in the literature to describe the hardness testing with low applied loads. 
Since the required calculation is independent of the size of the indenter, and the indenter can be 
used for all materials with irrespective of hardness, the HV indentation test is often easier to use 
than other hardness tests. Fig. 1-17 shows the schematic illustration of conical indentation and 
often used loading-unloading curve [90, 91]. In Fig. 1-17(a), the HV number is determined by 
the ratio of: 
{
HV=
F
A
≅
1.8544F
d
2
A=
d
2
2sin (136° 2⁄ )
≅
d
2
1.8544
,        (1-14) 
where A is the surface area of the resulting indentation in square millimeters, F is the force 
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applied to the diamond in kilograms-force, d is the average length of the diagonal left by the 
indenter in millimeters. From the equation 1-13, in order to calculate HV number using SI units 
one needs to convert the force applied from Newton to kilogram-force by dividing by 9.80665 
(standard gravity), then we can obtain equation 1-15 [91], as: 
HV ≅ 0.1981
F
d
2.      (1-15) 
This is also the reason why the researchers usually use load-unloading curves to reflect the 
indentation hardness of amorphous carbon films.   
1.3 Statement of problem 
As described in 1.2.2, the structural analysis of amorphous carbon films is a crucial way 
to understand the difference of properties and applications of these materials. The qualitative 
methods of Raman, FT-IR, and XPS, as the important options to analyze and compare the 
structural analyses of amorphous carbon films [92-94]. However, these methods cannot obtain 
a good quantitative structural analysis information, so that they cannot achieve a true sense of 
the effective classification of amorphous carbon films. 
For the quantitative structural analysis of amorphous carbon films, NEXAFS spectroscopy 
overcomes the limitation of EELS [65, 95], which has become the most used methods for the 
evaluation of sp3/(sp2+sp3) ratios of amorphous carbon films. In recent years, researchers afraid 
that sp3/(sp2+sp3) ratio estimated by NEXAFS included not only network sp3 hybrid carbons 
but also sp3 hybrid carbons in the hydrogen-terminated cluster, so-called polymer-like phase. 
Although existence of the diamond-like sp3 hybrid carbon network makes hard carbon films, 
polymer-like phase becomes film soft. Therefore, the relationship between the sp3/(sp2+sp3) 
ratio and hardness of the amorphous carbon films often mismatched. The quantitative analysis 
of polymer-like phase in the films is still not fully resolved, even though Raman and infrared 
are quite sensitive to this phase. Therefore, it is necessary to carry out a comprehensive, in-
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depth comparison and screening on the methods of structural analyses of amorphous carbon 
films. Solid-state NMR is a promising structural analysis method, it is possible to analyze the 
whole amorphous carbon films including the hydrogen bonding state. Additionally, BEMA 
theory through establishing the different optical models which corresponding the various 
structures of amorphous carbon films also can realize their structure analysis. Both NEXAFS, 
solid-state NMR, and BEMA theory are the important methods for the quantitative analysis of 
amorphous carbon films, which will focus on a discussion in this study. 
As described in 1.2.3, the classification schemes of amorphous carbon films is quite 
important during select them to use in some industrial fields. It has also undergone a 
development process, that from summing predecessors and summarizing data to performing 
quantitative analysis and formulating standard. Obviously, whether the beginning ternary phase 
diagram or the nowadays classification standards published in Germany and Japan, the 
structural analysis of amorphous carbon film is the fundamental elements in these studies. It 
can be said that these classification standards of amorphous carbon films are based on structural 
analysis. However, the measurement of NEXAFS, RBS/ERDA, or solid-state NMR are need 
synchronous radiation, electrostatic accelerator, or a large number of powder samples. In order 
to overcome these limitations, CIELAB color space and SE combine with the BEMA theory 
will be discussed in the study.  
1.4 Objectives of this study 
The objective of this study is to realize the estimation of the amounts of sp3 hybrid carbons 
between network and polymer-like phase, from the comprehensive structural analysis of 
amorphous carbon films carried out by the existing technologies of Raman, RBS/ERDA, 
NEXAFS, solid-state NMR, and SE combine with the BEMA. Simultaneously, based on the 
thorough structural analyses to explore the relationship between the structure and different 
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classification schemes of amorphous carbon films. This study is divided into four issues as 
follows: 
 To confirm the appearance color of amorphous carbon films dependent on their types, 
try to use appearance color to evaluate the types of amorphous carbon films.  
 To compare the quantitativeness of RBS/ERDA, NEXAFS and solid-state NMR 
methods on the structural analysis of amorphous carbon films for determining the 
efficient analysis of polymer-like phase. 
 To establish various SE-BEMA models for realizing the effective structural analysis 
different types of amorphous carbon films including the polymer-like phase. 
 To discuss the consistency between the structural analyses made with SE and NEXAFS 
to improve the previously studied and try to explore their relationships. 
1.5 Outline of this thesis 
This thesis is composed of six chapters presenting the detail as follows: 
Chapter 1 “General Introduction” describes the overview, literature survey (including the 
classification of amorphous carbon films, deposition methods, structural analysis), the 
statement of problems and objective of this research. 
Chapter 2 “Quantification of appearance colors of amorphous carbon films”, through 
characterizing the film thickness, extinction coefficient, hardness, hydrogen content, and 
CIELAB color space distribution to explore the quantitative relationship between appearance 
colors and types of amorphous carbon films.   
Chapter 3 “Quantitative NEXAFS and solid-state NMR studies of sp3/(sp2+sp3) ratio in the 
hydrogenated amorphous carbon films” describes the comparison of quantitatively the 
sp3/(sp2+sp3) ratios in the hydrogenated amorphous carbon films using the NEXAFS and solid-
state NMR methods to determine the efficient analysis of polymer-like phase.   
Chapter 4 “Structural analysis of amorphous carbon films by BEMA, XRR, and NEXAFS 
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methods”, using BEMA theory to establish the suitable optical models which are applied to 
make a detailed structural analysis of the individual types of amorphous carbon films.   
Chapter 5 “Structural analysis of amorphous carbon films by spectroscopic ellipsometry, 
RBS/ERDA, and NEXAFS”, defines the maximum of refractive index n (En-max) and extinction 
coefficient k at a value more than 10-4 (Ek) to explore the relationship between the different 
classification schemes for amorphous carbon films deposited by different techniques.   
Finally, Chapter 6 “General Conclusions” describes conclusions of this work. 
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Abstract 
   This article first time used CIELAB color space which the closest to the human eyes 
colorimetric system quantitatively analyzing the appearance colors of amorphous carbon films 
in different types. From the quantitative analysis of film thickness, extinction coefficient, 
hardness, hydrogen content, and CIELAB color space distribution of amorphous carbon films 
which deposited with different techniques, we found the appearance color characteristics of 
amorphous carbon films were intense dependent on their film types and had a very different 
interference color dependency.  
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2.1 Introduction 
Amorphous carbon film is one of the attractive carbon materials due to not only its 
outstanding properties which have wide applications in automobile, semiconductor, and 
medical care industry, but also the great application potential in the jewelry and luxury fields 
because its colorful appearance [1-4]. In general, amorphous carbon films have complex 
structures composed of the “diamond-like” sp3 hybrid carbons, sp2 hybrid carbons, and 
hydrogen terminations [5-7]. Most of current classification methods are based on the analysis 
of the proportion of the above three components in the amorphous carbon films [1, 8, 9], also 
have the classification methods according to the film optical constants [10]. All these methods 
classify the film into the following six types: tetrahedral amorphous carbon (ta-C), 
hydrogenated tetrahedral amorphous carbon (ta-C:H), amorphous carbon, hydrogenated 
amorphous carbon (a-C:H), graphite-like carbon, and polymer-like carbon (PLC) films. 
 On experience, amorphous carbon films described above showed a variety of different 
colors, depend on the difference of synthetic methods and conditions. Study on the color of 
amorphous carbon films has already begun. Moravex (1980) firstly reported the color chart of 
diamond-like carbon (DLC) films in different thickness [11]. Clapa et al. (2001) discussed the 
hardness, Raman spectra, reflection spectra, and the application potential of color DLC films 
[4]. Yu et al. (2013) using the Commission Internationale Ed I'eclairage (Translated as the 
International Commission on Illumination) (CIE) XYZ color space, through theoretical 
calculation combined the experimental data proved the color charts can be used to estimate 
optical gap or thickness of DLC films [12].  
Usually, each color has its own distinct appearance, based on three elements: hue which is 
how we perceive the color of an object, chroma which describes the vividness or dullness of a 
color, and lightness which is the luminous of a color also called by value. In the color perception 
study, the CIEXYZ color space was the first color spaces to be defined mathematically, founded 
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by CIE in 1931 [13], resulted from a series of experiments done in the late 1920s by William 
David Wright [14] and John Guild [15]. However, CIEXYZ is not universal, tristimulus values 
have limitations when they are used as color specifications because they correlate poorly with 
visual attributes. While Y relates to lightness, X and Z do not correlate to hue (Abney effect [16, 
17]) and chroma (color difference [18]). To overcome these limitations, the CIE recommended 
two alternate, uniform color space: CIELAB and CIELUV [19]. When a color is expressed in 
CIELAB, L* defines lightness, a* denotes the red/green value and b* the yellow/blue value, as 
well as the L*, u*, and v* in the CIELUV color space. The color difference in both color space 
have no the same value, but since both of them derived from tristimulus values X, Y, and Z, an 
approximate conversion can be made. At present, even in these color spaces, when the 
experimental conditions become wide, the value of color difference and psychological 
evaluation value will be distortion [20]. Thus, it is necessary to be more in-depth study. 
Additionally, the CIELAB is currently used and recommended for most industrial applications, 
because it uniformly covers the full visible spectrum of human eyes [19], although generally, 
the human eyes ability to distinguish color is still superior to the current theory. The extinction 
coefficient is an important concept that reflects the degree of light absorption by the materials, 
and it is also an important factor to estimate the brilliant or bleak of material's colors. Therefore, 
the previous study has not been systematically discussed the quantitative relationship between 
different types of amorphous carbon films and their appearance colors in the CIELAB color 
space. In this study, the different chemical and physical deposition methods using to synthesize 
various types of amorphous carbon films. Through characterizing the film thickness, extinction 
coefficient, hardness, hydrogen content, and CIELAB color space distribution to explore the 
quantitative relationship between appearance colors and types of amorphous carbon films. 
2.2 Experimental details 
2.2.1 Film deposition 
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A total of 32 amorphous carbon films were prepared with different deposition methods 
which included samples provided by the other research groups upon the request by the authors. 
All the samples were deposited on a (100)-oriented p-type single silicon wafer (10×10×0.5 
mm3) substrate. The silicon wafer was ultrasonically cleaned sequentially with distilled water, 
ethanol, and acetone for 15 min each before introducing into the deposition chamber. Ar+ 
plasma is used to pre-clean the substrates and the chamber for 30 min. Samples #01–24 were 
deposited by an electron-cyclotron-resonance chemical-vaper-deposition (ECRCVD) method. 
The methane (Koatsu Gas Kogyo Co., Ltd, purity of 99.99%) and argon gas (Taiyo Nippon 
Sanso, purity of 99.9999%) were used as the precursor and carrier gasses, respectively. We 
controlled the deposition time (5–60 min) and negative bias voltage (0.0 and 0.3 kV) to obtain 
the different film thickness and hardness. Samples #25–32 were the provided samples which 
are deposited by a plasma-enhanced CVD method or ion beam deposition method in different 
film thickness.  
2.2.2 Film characterization 
Spectroscopic ellipsometry (SE) measures the complex reflectance ratio ρ of a film, which 
is parametrized by the amplitude component Ψ and the phase difference Δ. The film thickness 
can be obtained from the optical path difference (β), which from the measurement of Ψ and Δ, 
as: 
β=
2πd
λ
N cosθ ,      (2-1) 
where d is the film thickness, λ is the wavelength of incident light, N is the complex refractive 
index, and θ is the refraction angle [21]. Usually, the Tauc-Lorenz dispersion formula is used 
to fit and estimate the N (or complex dielectric function ε) of amorphous carbon films [22, 23], 
as: 
{
N=n-ik
N2=ε=𝜀𝑟-i𝜀𝑖
,      (2-2) 
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where n is refractive index, k is extinction coefficient, εr is the real part of dielectric constant, 
and εi is imaginary part of the dielectric constant. Thus, SE (HORIBA, Jobin-Yvon, UVISEL 
NIR 23301010I) was used to evaluate film thickness d and extinction coefficient k. The incident 
angle of the source radiation was used to 70° ; each measurement was carried out in the spectral 
range between 0.6 and 4.8 eV with a step of 0.05 eV at 293 K. 
The hardness measurement of amorphous carbon films were performed on a pico-
indentation tester (FISCHER H-100). For the hardness testing, six indentation points were 
selected on each sample using the diamond Vickers tip and the average value of the hardness 
was obtained. The hardness and elastic modulus of each indentation point were determined 
based on the Oliver and Pharr method [24], where the ultralow load applied to the sample was 
1 mN, the loading and unloading rates were 0.1 mN/s used to be constant throughout the 
measurement. The indenter was moderately moved with a speed of 0.1 nm/s and paused at the 
maximum load was 5 s.  
The hydrogen content was evaluated by Rutherford backscattering and elastic recoil 
detection analysis (RBS/ERDA) with 2.5 MeV-He+ irradiation using an electrostatic accelerator 
(Nisshin-High Voltage, NT-1700HS) located at the Extreme Energy Density Research Institute, 
Nagaoka University of Technology. For the irradiation of He+ ions, the sample was placed in a 
high-vacuum chamber operating under a pressure of 3 × 10–5 Pa. The irradiation area of the 
sample was 1 × 3 mm2. The spectra of the amorphous carbon films were acquired by a 2.5 MeV-
He+ ion beam incident on the sample surface at an angle of 72° with respect to the surface 
normal of the sample. 
2.2.3 Measurement of film appearance color 
The appearance color of amorphous carbon films were determined by using spectral 
radiance meter (MINOLTA CS-1000A) with CIELAB color space reading. White calibration 
was carried out using a halogen lamp as a light source for measuring the sample. The 
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measurement was performed at a viewing angle of 2°  [25]. The reflected light of the obtained 
amorphous carbon films were quantified by the L*a*b* colorimetric system shown in the 
CIELAB color space. Figure 2-1 shows the color parameters related to the CIELAB color space. 
In the CIELAB color space, a psychometric lightness L* and two color coordinates (a* and b*) 
were defined. The L* is the vertical coordinate of a three-dimensional system of colors, which 
has values from 0 (black) to 100 (for white). The a* is the horizontal coordinate the values of 
which range from – 60 (green) to + 60 (red). The b* is the horizontal coordinate the values of 
which range from – 60 (blue) to + 60 (yellow) [26, 27].  
 
 
Figure 2-1 The CIELAB color space. 
 
The color lightness presents a measure in which one color is brilliant or bleak expressed 
in light degrees from white to black color. The saturation describes the color intensity and 
represents the distance from the black-white axis. Color coordinates are calculated by the 
following equations: 
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{
 
 
 
 L* = 116 (
Y
Yn
)
1/3
 – 16,         
Y
Yn
 > 0.008856
a* = 500 [(
X
Xn
)
1/3
– (
Y
Yn
)
1/3
],     
X
Xn
 and 
Y
Yn
 > 0.008856
b* = 200 [(
Y
Yn
)
1/3
– (
Z
Zn
)
1/3
],      
Y
Yn
 and 
Z
Zn
 > 0.008856
,      (2-3) 
where, X, Y, and Z are the tristimulus values of the target object, and Xn, Yn, and Zn are the 
tristimulus values on the perfectly diffuse reflecting surface [28-31].  
2.3 Results and Discussion 
2.3.1. Characterization results 
 
 
Figure 2-2 The appearance of amorphous carbon films. 
 
Figure 2-2 shows the appearance of amorphous carbon films. Samples #01–16, which 
deposited under the no negative bias voltage and deposition time from 5 to 40 min, have the 
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brilliant colors, e.g. the royal blue color of sample #01, the gold color of sample #03, the jade 
green color of sample #13, and the pink color of sample #15. Their colors change with the 
deposition time increase. Samples #17–24 were deposited under the negative bias voltage with 
0.3 kV and deposition time from 10 to 60 min. The colors of these samples obviously became 
bleak, but there are still colors that can be distinguished from each other, e.g. the indigo blue 
color of sample #18, the brown red color of sample #20, and the brown pink color of sample 
#23. However, the provided samples #25–32 have no appeared as easily distinguishable colors 
as above, and mainly distinguished from two colors of the black and dark green, e.g. the black 
color of sample #25 and the dark green color of sample #27. The specific colors of each sample 
list in Tables 2-1 and 2-2. 
The d and k of amorphous carbon films measured by SE are reported in Tables 2-1 and 2-
2. The d increase from the sample #01 of 118 nm to sample #16 of 761 nm as the increase of 
deposition time, however all the k of these samples are close to 0.0. In the case of samples #17–
24, the d are in the range of 43–371 nm, and that of samples #25–32 are in the range of 390–
723 nm. The k of samples #17–32 are distribute in the range of 0.04–0.74. Therefore, our 
samples would like to be discussed as dividing into the former sixteen as group I which have 
the brilliant colors (k = 0.0) and later sixteen as group II which have the bleak colors (k > 0.0), 
and their film thickness distribute in the same range. 
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Table 2-1 The appearance color, hardness (HV), d, k, hydrogen content, L*a*b*, Cab*, and CT* 
of samples #01–16. 
No. Color 
HV 
(GPa) 
d 
(nm) 
k 
H 
(at.%) 
L* a* b* Cab* CT* 
#01 royal blue 0.37 118 0.00 - 59.9 -23.0 -34.2 41.2 72.7 
#02 pale aqua 0.53 156 0.00 42 91.9 -17.9 -4.0 18.3 93.7 
#03 gold 0.42 192 0.00 - 109.9 -7.6 39.8 40.6 117.2 
#04 red violet 0.54 227 0.00 43 74.2 29.1 7.6 30.0 80.1 
#05 blue violet 0.81 253 0.00 - 61.4 33.9 -51.5 61.6 87.0 
#06 green 0.55 328 0.00 41 76.0 -40.1 10.4 41.4 86.6 
#07 orange 0.41 351 0.00 - 93.0 -29.9 40.8 50.6 105.8 
#08 yellow green 0.42 357 0.00 41 86.0 -17.0 43.2 46.5 97.8 
#09 green pink 0.54 378 0.00 - 64.2 3.7 24.3 24.6 68.7 
#10 pink 0.41 486 0.00 43 62.4 9.7 12.3 31.8 65.8 
#11 pink violet 0.46 493 0.00 - 53.4 -4.2 -27.7 28.0 60.3 
#12 green 0.45 525 0.00 39 57.6 -28.4 14.3 23.1 88.1 
#13 jade green 0.40 533 0.01 - 68.1 -53.8 13.7 55.5 87.8 
#14 green pink 0.44 547 0.01 42 73.1 -47.3 18.3 50.8 88.9 
#15 pink 0.43 574 0.01 - 68.6 19.7 -6.9 20.9 71.7 
#16 pink yellow 0.52 761 0.01 42 62.4 11.7 2.3 12.0 63.5 
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Table 2-2 The appearance color, hardness (HV), d, k, hydrogen content, L*a*b*, Cab*, and CT* 
of samples #17–32. 
No. Color 
HV 
(GPa) 
d 
(nm) 
k 
H 
(at.%) 
L* a* b* Cab* CT* 
#17 brown 3.3 43 0.30 - 48.9 2.36 17.2 17.4 51.9 
#18 indigo blue 2.8 89 0.29 26 41.9 -10.9 -15.8 19.2 46.1 
#19 brown green 3.2 139 0.31 - 64.7 -2.9 16.0 16.2 66.7 
#20 brown red 2.9 180 0.32 25 53.1 9.9 10.6 14.5 55.0 
#21 jade green 3.4 222 0.31 - 52.4 -11.7 -5.5 12.9 53.9 
#22 green blue 3.5 273 0.33 24 60.2 -3.1 12.0 12.4 61.4 
#23 brown pink 3.7 313 0.32 - 56.8 4.7 4.4 6.4 57.1 
#24 dark green 2.7 371 0.33 28 57.0 -7.8 2.8 8.3 57.6 
#25 black 12.1 390 0.44 21 46.4 0.0 4.1 4.1 46.5 
#26 black gray 22.4 437 0.32 19 49.6 0.1 0.0 0.1 49.6 
#27 dark green 17.3 474 0.19 17 44.2 -4.8 -0.8 4.9 44.5 
#28 green gray 41.0 506 0.04 0.2 53.4 -6.9 -0.6 5.7 55.6 
#29 gray black 31.8 574 0.24 0.3 51.9 -0.9 -0.2 0.9 51.9 
#30 dark green 37.2 590 0.13 20 34.6 -4.2 -0.9 3.6 36.3 
#31 black 18.4 647 0.74 23 46.3 -0.5 2.5 2.5 46.4 
#32 black 13.0 723 0.42 17 47.1 -1.3 1.5 2.0 47.2 
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Figure 2-3 RBS/ERDA spectra of amorphous carbon films of (a) #6, (b) #16, (c) #24, and (d) 
#29. 
Figure 2-3 shows the typical RBS and ERDA spectra of amorphous carbon films. For the 
ERDA spectra, the peaks of hydrogen atoms recoiled from the sample by the irradiation of He+ 
ions emerged around 180–420 ch. For the RBS spectra, the peaks that He+ ions backscattered 
according to carbon atoms in amorphous carbon films are observed around 200–450 ch. The H 
peaks on ERDA spectra of the amorphous carbon films are profiled using an ERDA fitting 
calculation package (Nissin High Voltage ERNIE ver. 1.55) to compare the peak intensities of 
C and H. The C and Si peaks on RBS spectra of the amorphous carbon films and the substrates 
are profiled using an RBS fitting calculation package (Nissin High Voltage ERNIE ver. 1.0). 
The estimating error of the present fitting process is around 5%. The hydrogen contents of 
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amorphous carbon films of #06, 16, 24, and 29 were 41, 42, 28, and 0.3 at.%, respectively. 
Tables 2-1 and 2-2 list the hydrogen contents of other samples obtained from the above 
peak-fittings. Except for the deposition time, samples #01–16 as well as #17–24 were obtained 
under the same conditions, and the previous study has shown that the hydrogen content 
fluctuates only in a small range [31]. Therefore the part of the hydrogen content of these 
samples was carried out. While the practically deposited conditions were vague, all the 
hydrogen content measurements of provided samples #25–32 were performed in this study. The 
hydrogen content of samples #01–16 are in the range of 39–43 at.%, and that of #17–24 in the 
range of 24–28 at.%. The hydrogen content of provided samples #25–32 are in the range of 
0.2–23 at.%. 
Figure 2-4 illustrates the typical indentation behaviors of the samples investigated by pico-
indentation. The results show the hardness and elastic modulus values of amorphous carbon 
films of (a) #6, (b) #16, (c) #24, and (d) #29 have a significant difference in the different 
deposited conditions. Since deposited in the same conditions, samples #06 and #16 show almost 
the same load-displacement curves and the average maximum indentation depths are 0.25 and 
0.24 µm, respectively. The average maximum indentation depths of samples #24 and #29 are 
0.11 µm and 0.03 µm. The HV hardness of these 4 samples are 0.55, 0.52, 2.7, and 31.8 GPa, 
respectively. 
The hardness of other samples are listed in Tables 1 and 2. The hardness samples #01–16 
are in the range of 0.31–0.81 GPa, and that of #17–24 in the range of 2.7–3.7 GPa. The hardness 
of provided samples #25–32 are in the range of 12.1–41.0 GPa. According to the hardness of 
the amorphous carbon films, they were also divided into group I (samples #01–16) and group 
II (#17–32). 
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Figure 2-4 Load-displacement curves recorded in pico-indentation experiments for amorphous 
carbon films of (a) #6, (b) #16, (c) #24, and (d) #29. 
2.3.2 Color measurement results 
Figure 2-5 shows the quantitative values of sample colors in the CIELAB color space of 
a* and b*. The a* and b*of samples #01–16 (group I) are distributed in a* = -53.8–33.9 and 
b*= -51.5–43.2 as shown in Fig. 2-5(a). The color of samples #03–08 showed a clockwise 
helical change on the CIELAB color space, while samples #09–15 showed a counterclockwise 
helical change, and the latter was included in the former helix. We attribute this change to the 
increase in film thickness, but the change in helical direction should be for other reasons, while 
samples #13 and #14 (green points) do appear abnormalities. Simultaneously, the distributions 
of a*b* in samples #17–32 (red and blue points) are all included in these helices inside and 
have a quite different with the outside values of them.  
  Figure 2-5(b) shows the distribution of a* and b*of samples #17–32 (group II). Although 
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these samples have a* and b* values closer to 0 than that of in group I, but they are also showed 
a noticeable difference between samples #17–24 which of a* = -11.7–9.0, b*= -15.8–17.2 (the 
red point) and samples #25–32 which of a* = -6.9–0.1, b*= -0.9–4.1 (the blue point). The a* 
and b* of samples #17–24 showed a clockwise helical change on the CIELAB color space and 
their cycles are much smaller than the samples of #03–08 which have the same range in the 
film thickness. However, the a* and b* distribution of samples #25–32 have no appeared to 
follow any trajectory as shown the insert figure at the bottom in Fig. 2-5(b). Additionally, they 
are included in the center of the spiral surrounded by the samples #25–24 and have a clear 
boundary and a more concentrated distribution. It suggested that the film types are essentially 
different with other above-mentioned amorphous carbon films. 
 
Figure 2-5 The quantitative values of amorphous carbon films colors in the CIELAB color 
space, (a) all samples, the black points represent samples #01–16, except anomalous samples 
#13 and #14 (green points), (b) the expanded graph of samples #17–32, red points represent 
#17–24, and blue points of #25–32. 
From the results of appearance, SE, RBS/ERDA, pico-indentation, and CIELAB 
colorimetric system, 32 samples are categorized to group I and group II. In group I, samples 
#01–16, which of thickness distribute in the range of 118–761 nm, show a brilliant color, 
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contain a hydrogen content about 41 at.%, and have a hardness less than 1.0 GPa. They have a 
decentralized distribution in the CIELAB color space, shown a high dependence on the film 
thickness and k close to 0, should belong to the so-called PLC films [32, 33]. For the samples 
#17–32, the group II, although their thickness distribute in the range of 43–723 nm, but they 
show bleak colors, contain hydrogen contents in the range of 0.2–28 at%, and have hardness in 
the range of 2.7–41.0 GPa. They should belong to the a-C:H, ta-C:H, or ta-C. Simultaneously, 
they have a concentrated distribution in the CIELAB color space, showing a weaker dependence 
on the film thickness and k distribute in the range of 0.04–0.74 over than 0. 
The values from the chroma (Cab*) and color difference (ΔEab*) provide valuable 
information on the color quantification [27]. It is numerically defined by Equations (4) and (5): 
Cab* = [(a*)
2 + (b*)2]1/2,      (2-4) 
ΔEab* = [(L1*-L2*)2 + (a1*- a2*)2+ (b1*- b2*)2]1/2.      (2-5) 
The Cab* can be regarded as the color difference of sample color on the a* and b* center 
plane with the spherical center point in the CIELAB color space, which have no consider the 
effect from L*. However, the Cab* only reflects the two-dimensional of color chromaticity, and 
the L* factor has no take into account. But, L* is an impotent indicator to indicate the color is 
bright or not. Therefore, we define the CT* as the total chroma to represent the chromaticity of 
film colors in the CIELAB color space as:  
CT* = [(L*)
2+(a*)2+ (b*)2]1/2.       (2-6) 
It is actually the same as the value of the ΔEab* with the origin point as the comparison 
point and can be used as a reference value for evaluating the film colors. The Cab* and CT* of 
all the samples lists in Tables 2-1 and 2-2.  
The Cab* of samples #01–16 distribution in the range of 12.0–61.6, and that of samples 
#17–24 which used the same deposition method but different negative bias voltage are in the 
range of 6.4–19.2. Since samples #01–16 using the same conditions to obtain different film 
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thickness, can be considered to belong to the same type [31], as well as samples #17–24. The 
average of Cab* is 36.1 for samples #01–16 and 13.5 for samples #17–24, show a significant 
difference attributed to the different film types. The Cab* of samples #25–32 which used the 
different deposited methods distributed in the range of 0.1–5.7. They have an average value of 
3.0 which show a huge difference with the above two types of amorphous carbon films.  
Figure 2-6 shows correlation between CT* and film thickness. In Fig. 2-6(a), we found 
that CT* has regular cyclical changes, the film colors both the beginning and ending and the 
maximum value in each cycle are entirely corresponding to the wavelength of the interference 
color [12], although the values of CT* in samples #13–15 are too concentrated should be 
attributed to some abnormalities occurred in their L*a*b* measurements. However, a similar 
phenomenon has no occurred in Fig. 2-6(b), even though the thickness of the amorphous carbon 
films in group II has the same distribution. The CT* is more close to being a linearly distributed 
in Fig. 2-6(b), and these films, especially those with a hardness more than 10 GPa should show 
weaker interference color dependency.  
Overall, our amorphous carbon films in group I are the PLC films, show low hardness, 
high hydrogen content, a good agreement with the interference color, and a cyclical helical 
change that Cab* distribution around 36. The films in group II contain different types of 
amorphous carbon films. Samples #17–24 are a-C:H films, have the hardness, hydrogen content 
in the range of 2.7–3.7 GPa and 24–28 at.%, respectively, and part of the sample color is 
consistent with the interference color, but the overall color is bleak and Cab* distribution around 
13. Samples #25–32 are ta-C:H or hydrogen free ta-C films, the hardness, hydrogen content in 
the range of 12.1–41.0 GPa and 0.2–23 at.% [34, 35], respectively. These films only have dark 
green and black colors, Cab* distribute around 3.0, show no interference color dependency. 
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Figure 2-6 The correlation between CT* and film thickness, (a) group I samples #01–16, (b) 
group II samples #17–32. 
   
2.4 Summary 
We using SE, RBS/ERDA, pico-indentation, and CIELAB colorimetric system methods 
to analyze the 32 colorful amorphous carbon films which obtained from different chemical and 
physical deposition techniques. In this study, from the comparing of the film thickness, 
extinction coefficient, hardness, hydrogen content, the Cab* values distributions, and the 
redefined total chroma of CT*, the in-depth quantitative analysis of sample appearance colors 
were carried out. The results suggested that the appearance color characteristics of amorphous 
carbon films showed a significantly different depend on the film types. The high hydrogen 
contents and low hardness of PLC or a-C:H films show the periodic change with the 
interference color according to the film thickness and a helical cyclical appearance color 
changes distributions in the CIELAB color space. The low hydrogen content and high hardness 
of ta-C:H or ta-C films show no interference color dependency and hardly changes with the 
film thickness. Finally, the appearance color of amorphous carbon films has a great potential in 
evaluating the film types. 
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Quantitative NEXAFS and solid-state NMR studies  
of sp3/(sp2+sp3) ratio  
in the hydrogenated amorphous carbon films 
 
Abstract 
    In the present study, two types of hydrogenated amorphous carbon films were prepared by 
electron-cyclotron-resonance chemical-vapor-deposition method with pure C2H2 and Ar gasses 
with applied negative bias voltages of 0 and 0.5 kV. The structural and surface analyses of these 
films have shown significant changes of physical and mechanical properties with high 
reproducibility and low oxygen contents. The comparison of H/C atomic ratio extracted from 
the combination of Rutherford backscattering and elastic recoil detection analysis and the solid-
state nuclear magnetic resonance (NMR) illustrated that the NMR analysis of the present work 
provides a significant contribution. Therefore, we compared quantitatively the sp3/(sp2+sp3) 
ratios in the hydrogenated amorphous carbon films using the near-edge X-ray absorption fine-
structure (NEXAFS) and solid-state NMR methods. The signals of hydrocarbon sp3 (-CH, -CH2 
and -CH3) and a network of sp
3 hybridized carbon (C-sp3) can be separated by the solid-state 
13C NMR measurement, from which it is concluded that the former do not enable a detailed 
interpretation for the internal structural changes of the hydrogenated amorphous carbon films 
with the increase of applied bias voltage. 
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3.1 Introduction 
Amorphous carbon films are known for their outstanding properties and wide applications 
in mechanical, electrical, optical, and biological fields [1–5]. These unique properties strongly 
depend on the microstructure of amorphous carbon films, which is commonly considered as 
composed of “diamond-like” sp3 and sp2 hybridized carbon atoms, and the relative amounts of 
-CHn (n  1, 2, and 3) groups. Especially, the sp3/(sp2+sp3) ratio and hydrogen contents play a 
critical role in the properties of all kinds of Amorphous carbon films [6, 7]. The current proposal 
of the international standard of amorphous carbon films (ISO/TC107) [8, 9] has been put 
forward based on these important parameters, in which the amorphous carbon films are 
classified into six categories as listed in Table 3-1. Major deposition methods utilize the 
negative bias voltages applied to the substrate to change the structure of amorphous carbon 
films. Appropriate bias voltages can help to reduce the hydrogen content of the deposition films 
to improve the density, hardness, and other physical and mechanical properties [5, 10]. 
Table 3-1 The classification of hydrogenated amorphous carbon films put forward by the Japan 
New Diamond Forum [8]. 
Types Name sp3/(sp2+sp3) (%) H content (at.%) NB 
Ⅰ ta-C a) 50≤ sp3 ≤90 H ≤5 DLC 
Ⅱ ta-C:H b) 50≤ sp3 ≤100 5˂ H ˂50 DLC 
Ⅲ a-C c) 
20˂ sp3 ˂50 
H ≤5 DLC 
Ⅳ a-C:H d) 5˂ H ˂50 DLC 
Ⅴ GLC e) 0≤ sp3 ≤20 0≤ H ≤5  
Ⅵ PLC f) – 50≤ H ≤70 H ≤5 @ sp3 ≤20 
a) ta-C: tetrahedral amorphous carbon, b) ta-C:H: hydrogenated tetrahedral amorphous carbon,  
c) a-C: amorphous carbon, d) a-C:H: hydrogenated amorphous carbon, e) GLC: graphite-like  
carbon, f) PLC: polymer-like carbon. 
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From the above viewpoint, it has been one of the central problems to develop the 
methodology to analyze the content and the chemical bonding states of hydrogen atoms in the 
amorphous carbon films. The combination of Rutherford backscattering and elastic recoil 
detection analysis (RBS/ERDA) is the most effective method for the quantitative analysis of 
hydrogen content [11]. However, it still cannot be used to identify the state of hydrogen present 
in the amorphous carbon films. Therefore, the further quantitative analyses of sp3/(sp2+sp3) 
ratio and the relative amounts of –CHn (n  1, 2, and 3) groups in these local structures are 
necessary. The sp3/(sp2+sp3) ratio of Amorphous carbon films has been investigated by using 
X-ray photoelectron spectroscopy [12, 13], electron energy loss spectroscopy [14–16], Raman 
spectroscopy [17,18], Carbon K-edge of near-edge X-ray absorption fine-structure (NEXAFS) 
[19–24], and solid-state nuclear magnetic resonance (NMR) techniques [25–31]. Especially, 
NEXAFS and solid-state NMR are the precise methods to make the quantitative evaluation of 
this ratio compared to the other methods. NEXAFS has become an effective and non-destructive 
method to study the chemical characteristic of amorphous carbon films in the last several 
decades since its principle has been established [32], and its first application was the analysis 
of amorphous carbon materials [33]. The aforementioned international standard proposal has 
used this method to determine the sp3/(sp2+sp3) ratios of Amorphous carbon films. However, 
this analytical method is based on the synchrotron radiation technique and is not suitable for 
the rapid analysis of general laboratory conditions, and the total electron yield or partial electron 
yield (PEY) modes usually used are difficult to obtain the accurate results if the samples are 
insulator or have poor conductivity. NMR technique is an alternative important method to 
obtain the sp3/(sp2+sp3) ratios of Amorphous carbon films. In particular, this method has 
become effective after the development of the cross-polarization magic angle spinning (CP-
MAS) technique used in the solid-state NMR [34]. The first attempt to use this method for the 
analysis of Amorphous carbon films has been made by Dilks, et al. [35], after which it has been 
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recognized as one of the most direct quantitative method [10] to obtain the sp3/(sp2+sp3) ratio 
of Amorphous carbon films. Simultaneously, several attempts have been made to describe 
quantitatively the chemical bonding states of hydrogen atoms in amorphous carbon films [27, 
30, 31]. One of the limitations of NMR measurement is that the powder materials of more than 
50 mg are in general needed; it takes half of or longer than one day for each sample to obtain a 
sufficient amount for the measurement of high-resolution 13C NMR spectrum [29]. It is then 
necessary to carry out a comprehensive assessment of these two methods on the quantitative 
analysis of amorphous carbon films. 
In the present article, further discussion on the sp3/(sp2+sp3) ratios and the state of 
hydrogen atoms has been made for the hydrogenated amorphous carbon films formed from an 
electron-cyclotron-resonance chemical-vapor-deposition (ECRCVD) method. A 
comprehensive analysis of the sp3/(sp2+sp3) ratios of hydrogenated amorphous carbon films has 
been carried out by using the NEXAFS and solid-state 13C CP-MAS NMR methods. 
Additionally, the analysis of the chemical bonding states of C and H atoms, e.g., the 
quantification of the hydrocarbon (-CH, -CH2, and -CH3) and network C-sp
3 structures in the 
different types of hydrogenated amorphous carbon films has been made, from which the 
structural changes of films were investigated under different negative bias voltages. 
3.2 Experimental 
3.2.1 Sample preparations 
The hydrogenated amorphous carbon films were deposited on a (100)-oriented p-type 
single silicon wafer and aluminum foil substrates by ECR-CVD method. The silicon wafer was 
ultrasonically cleaned sequentially in distilled water, ethanol, and acetone for 15 min each 
before introducing into the deposition chamber. The acetylene (C2H2) (Koatsu Gas Kogyo Co., 
Ltd, purity of 99.8%) and argon (Ar) gas (Taiyo Nippon Sanso, purity of 99.9999%) were used 
as the precursor and carrier gasses, respectively. Ar plasma is used to pre-clean the substrates 
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and the chamber for 30 min. C2H2 and Ar precursor gasses with flow rates of 30 and 25 sccm, 
respectively, were used to grow the hydrogenated Amorphous carbon films for 7 h at a chamber 
pressure of 5 × 10 –2 Pa. The pulsed negative bias voltages of 0 and 0.5 kV were applied on the 
substrate to grow the two types of hydrogenated amorphous carbon films.  
3.2.2 Surface characterization 
Raman spectroscopy (HORIBA, Jobin-Yvon, Labram Infinity) is an important method to 
analyze the local structural information of amorphous carbon films. It was used to investigate 
the structure and structural transformation after the film dissolution process described in section 
2.4. Raman spectra were obtained in the backscattering mode using an Ar+ laser with the 
wavelength of 514.5 nm at a power of 5 mW. The probe aperture was near 10 μm, the 
wavelength resolution was 1 cm –1 in the range of 1000–2000 cm –1. The raw Raman spectrum 
was deconvoluted into four Gaussian profiles with one linear background normalization by 
Origin software. The slope of each baseline was extracted to describe the photoluminescence 
background. According to the curve fitting, the D and G peak positions and their full width at 
half maximum (FWHM) were obtained. 
The hydrogen content was evaluated in detail as described in ref. [36] by RBS/ERDA with 
2.5 MeV-He+ irradiation that performed using an electrostatic accelerator (NT-1700HS: 
Nisshin-High Voltage Co.) located at the Extreme Energy Density Research Institute, Nagaoka 
University of Technology. For the irradiation of He+ ions, the sample was set in a high-vacuum 
chamber operating under a pressure of 3 × 10 –5 Pa. The irradiation area of the sample was 1 × 
3 mm2. The spectra of the hydrogenated amorphous carbon samples were acquired by a 2.5 
MeV-He+ ion beam impacting the sample surface at an incident angle of 72° with respect to the 
surface normal of the sample. A small fraction (~0.1%) of high energy He+ ions from the 
accelerator is scattered elastically from the sample, which is called RBS particles and captured 
by a solid-state detector (SSD). This technique was applied to determine the atomic fractions 
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of carbon, silicon, and other elements except hydrogen in the sample. The He+ ions collide 
elastically with hydrogen atoms in the sample. The hydrogen atoms are scattered from the 
sample to be detected by another SSD, and an ERDA measurement is carried out. This 
technique was used to determine the atomic fraction of hydrogen in the sample. After a large 
fraction of hydrogen atoms is removed inelastically from the sample and cannot reach to SSD 
due to their low energy, the ERDA measurement was terminated as the result of which the 
amount of 6.25 × 1013 hydrogen atoms were detected by SSD. 
X-ray reflectivity (XRR) is a non-destructive method to determine the true density, 
thickness, and surface roughness of a thin film. The XRR measurements (M03XHFMXP3, Mac 
Science), by a Cu Kα X-ray source with the wavelength of 1.54 Å was operated at 40 kV × 15 
mA under the condition of the scan range of 0.180–1.680° and the step size of 0.004°. The 
incident optics was an X-ray mirror to provide the parallel beam, a 0.1 mm divergence slit, an 
automatic Ni attenuator with an attenuation factor of 190, and an incident beam mask of 10 mm. 
The receiving optic was 0.27° parallel beam collimator with the receiving slit of 0.05 mm.   
The hardness and elastic modulus were obtained by a pico-indentation tester (FISCHER 
H-100) which is suitable for the hardness measurement of hydrogenated amorphous carbon 
films. For the hardness testing, six indentation points were selected on each sample using the 
diamond Vickers tip and the average value of the hardness was obtained. The hardness and 
elastic modulus of each indentation point were determined based on the Oliver and Pharr 
method [37], where the ultralow load applied to the sample was 1 mN, the loading and 
unloading rates were 0.1 mN/s set to be constant throughout the measurement. The indenter 
was moderately moved with a speed of 0.1 nm/s and its pause at the maximum load was 5 s.  
In addition, the surface chemical composition was characterized by XPS technique (JEOL, 
JPS-9010TR), using Al Kα radiation in fixed analyzer transmission mode; the measurement 
was controlled with 20 eV of pass energy, 0.1 eV step size, and 100 eV of Dwell time. Indium 
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(In) was used to mount the powder samples for XPS analysis. In order to remove the oxide layer 
on the surface of In foil, hydrogenated amorphous carbon powder and the In foil was irradiate 
by Ar+ with a kinetic energy of 1.0 keV prior to each measurement.  
3.2.3 NEXAFS measurements 
The NEXAFS measurement was performed at the BL3.2Ub of the Synchrotron Light 
Research Institute (SLRI) (Public Organization), Nakhon Ratchasima, Thailand. The beamline 
photon source covers an energy range of 40 to 1040 eV at the resolving power of 10,000. The 
synchrotron radiation source at the storage ring was generated using a beam energy of 1.2 GeV. 
The NEXAFS spectra were measured in the PEY mode and the light polarization was parallel 
to the surface at any incident light angle. The intensity of the incident photon beam (I0) was 
monitored at a gold mesh in front of the samples, enabling the PEY signal to be normalized by 
I0. The total energy resolution was approximately 0.5 eV. Absolute photon energy was obtained 
by aligning the π＊(C=C) peak position of graphite to the literature [38]. Uncertainty in the 
calibrated wavelength was estimated to be ± 0.2 eV. The carbon K-edge NEXAFS spectra were 
measured in the energy range of 275 to 335 eV at an energy step of 0.1 eV.  
3.2.4 13C CP-MAS NMR measurements 
The hydrogenated amorphous carbon film samples investigated were fine powdered as 
follows. An aluminum foil substrate was soaked in 1.0 M HCl solution for 5 h allowing the film 
to peel off the substrate. Then, the suction filtration system was used to separate the flake-like 
products from the solution. After that, the products were rinsed with the purified water and 
dried at 333 K for 1 day. By pulverizing the flake-like products in a mortar the hydrogenated 
amorphous carbon film powder of about 20–50 mg was obtained from each deposition.  
The 13C NMR spectra were performed on a JEOL ECA400 FT-NMR spectrometer (Tokyo, 
Japan), operating at 99.55 Hz. The spinning rate of the sample tube for the measurement was 5 
kHz ± 5 Hz. N2 gas was used as MAS bearing and driving gas sources to prevent the sample 
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from oxidation and protect the NMR probe head. A JEOL 4 mm CP-MAS probe was used in 
all experiments. The CP-MAS experiments were carried out with the CP contact time of 1 ms, 
the recycle delay of 5 s, and the number of scans for the acquisition of the spectra was 1000. 
All the spectra were obtained at room temperature. The 13C NMR chemical shift was calibrated 
using the carbonyl resonance of the secondary standard adamantane (δ = +38.3 ppm (CH2) with 
respect to the δ = 0 ppm for methyl carbons of tetramethylsilane). 
 
 
Figure 3-1 Raman spectra of hydrogenated amorphous carbon samples, AF and AP at the 
applied negative bias voltage of 0.0 kV for the film and powder states, respectively. BF and BP 
at the applied negative bias voltage of 0.5 kV for the film and powder states, respectively. For 
spectrum BF exemplary the deconvolution into four Gaussian profiles (red dashed lines) with 
one linear background normalization and the sum of it (red solid line) is shown. 
 
3.3 Results and Discussion 
3.3.1. Raman spectra 
Fig. 3-1 shows the normalized Raman spectra of hydrogenated amorphous carbon samples. 
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Samples AF and AP are deposited at the applied negative bias of 0.0 kV for the film and powder 
states, respectively, and samples BF and BP are deposited at the applied negative bias voltage 
of 0.5 kV for the film and powder states, respectively. Two obviously different kinds of Raman 
spectra are obtained; sample series A have a high photoluminescence (PL) background, while 
series B have negligible PL background. These are consistent with the previous studies [41] and 
give the considerable information to distinguish the normal hydrogenated amorphous carbon 
and typical polymer-like carbon (PLC) materials (see Table 3-1).  
For the normal hydrogenated amorphous carbon materials, Raman spectra will have two 
typical broad peaks, the D band at around 1380 cm –1 and the G band at around 1560 cm –1. We 
have made the curve fitting in the range of 900–1900 cm –1. In this study, the symmetric multi-
peak method is used to improve our peak-fitting, because the simple two peak fit is not always 
an accurate way to deconvolute the Raman spectra [39]. The curve-fitting analysis has been 
carried out of the samples BF as shown in Fig. 3-1(BF). On the other hand, samples AF and AP 
does not show well-fitted Raman peaks due to the significant PL background superimposed on 
the Raman scattering signals and almost overwhelms Raman signal. Table 3-2 lists the positions 
of the D and G bands and their full width at half maximum (FWHM) in cm –1, as well as the 
ID/IG ratio for the BF and BP samples. The D band is caused by the disordered structure of 
graphene and can be explained by the coupling between electrons and phonons with the same 
wave vector near the K-point of the Brillouin zone as described detail in ref. [40], and the G 
band is due to the E2g mode at the Γ-point. From our results, the positions and FWHM of the G 
band is almost unchanged upon the powder forming process. Those of the D band show a small 
shift and a small change of the ID/IG ratio, due to the anthropogenic defects in hydrogenated 
amorphous carbon films occurring during the powdering process. 
 
 
Chapter 3 Quantitative NEXAFS and solid-state NMR studies  
of sp3/(sp2+sp3) ratio in the hydrogenated amorphous carbon films 
 
 
 
Structural analyses of amorphous carbon and related films 
74 
Table 3-2 The results of Raman curve-fitting from Fig. 3-1. The results of series B are shown 
in this table. 
Samples ID/IG ratio 
Band position (cm–1) FWHM (cm–1) 
D band G band D band G band 
BF 3.12 1357 1576 290 97 
BP 3.08 1365 1574 317 98 
 
For the typical PLC Raman spectra of the sample series A, we compared the slopes of 
these Raman spectra that obtained from the linear baseline for each curve fitting and found that 
the slope of the baseline is strongly dependent on the negative bias voltage. The slopes of the 
sample series A were 9.27 (AF) and 9.36 (AP); those of the series B were 0.78 (BF) and 0.85 
(BP), respectively. Overall, the structure of hydrogenated amorphous carbon samples has 
almost unchanged during the powdering process. 
3.3.2 Surface characterization results 
The typical RBS and ERDA spectra of hydrogenated amorphous carbon films are shown 
in Fig. 3-2. Two samples of series A are deposited under the applied negative bias voltage of 
0.0 kV, and two samples of series B are deposited by the respective bias of 0.5 kV. For the RBS 
spectra, the peaks that He+ ions backscattered according to carbon atoms in hydrogenated 
amorphous carbon films are observed around 150–400 ch. For the ERDA spectra, the peaks of 
hydrogen atoms recoiled from the sample by the irradiation of He+ ions are emerged around 
250–450 ch.  
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Figure 3-2 RBS and ERDA spectra of hydrogenated DLC films, AF1 and AF2 without applied 
negative bias voltage, BF1 and BF2 with applied negative bias voltage at 0.5 kV. The C peak 
appeared in range of 300–400 ch on the RBS spectra, and the H peak appeared in the range of 
200–400 ch on the ERDA spectra. The hydrogen content was obtained from the curve fittings 
of C and H peaks for each sample. 
 
The peaks of hydrogen atoms of samples AF1, AF2, and BF2 are wider than BF1, showing 
that the sample BF1 has a minimum thickness in our samples. Hydrogen contents of the sample 
series A are in the same magnitude and higher than those of the sample series B from the 
comparison of the relative yields of H atoms in the ERDA spectra of all samples. The C and Si 
peaks on RBS spectra of the hydrogenated amorphous carbon films and the substrates are 
profiled using an RBS fitting calculation package (Nissin High Voltage ERNIE ver. 1.0). The 
H peaks on ERDA spectra of the hydrogenated amorphous carbon films are profiled using an 
ERDA fitting calculation package (Nissin High Voltage ERNIE ver. 1.55) to compare the peak 
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intensities of C and H. Table 3-3 shows the results of the above peak-fittings. The estimating 
error of the present fitting process is around 5 at.%. In order to compare the results with 
subsequent NMR analysis, we calculated the H/C atomic ratio in each sample, and the average 
values listed in Table 3-6 (p 85). 
 
 
Figure 3-3 XRR profiles of hydrogenated amorphous carbon films, AF1 and AF2 without 
applied negative bias voltage, BF1 and BF2 with applied negative bias voltage at 0.5 kV, 
respectively. The red solid line represents the experimental data and the black solid line the 
fitted data in each profile on a logarithmic scale. 
 
XRR profiles for hydrogenated amorphous carbon films are shown in Fig. 3-3 on a semi-
logarithmic scale, where the two film samples of series A (AF1 and AF2) and those of series B 
(BF1 and BF2) examined. The red solid curves represent the experimental XRR profiles and 
the black solid curves the simulation analysis. Each profile contains a critical angle (θc) and 
interference fringes which provide the average electron density and total thickness, respectively. 
θc2 is proportional to the true density and the period of the interference fringes are inversely 
proportional to the thickness of hydrogenated amorphous carbon films. In the case of a 
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multilayer film, the superimposed ripples will occur in the interference fringes [16, 42]. For our 
samples, only one fringe period is observed, implying that each film consists of a single layer. 
Therefore, a two-layer model consisting of a hydrogenated amorphous carbon film and an 
interface layer between the film and Si substrate is used in each curve fitting. Since film 
deposition time is about 7 h, the thickness of each sample should be more than 1.5 μm according 
to the previous result [43] which surpasses the effective measuring range of XRR [16, 44]. 
Hence, we only concern the true density at the incident angle range of 0.18°  to 1.68°. The θc 
values of the samples of series A were almost the same, and they were smaller than those of 
series B. These observations indicate that the true density of samples of series B is higher than 
that of series A. 
 
 
Figure 3-4 Load-displacement curves recorded in pico-indentation experiments for 
hydrogenated amorphous carbon films, AF1 and AF2 without applied negative bias voltage, 
BF1 and BF2 with applied negative bias voltage at 0.5 kV. 
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Figure 3-4 illustrates the indentation behaviors of the samples investigated by pico-
indentation. The results show the hardness and elastic modulus values of hydrogenated 
amorphous carbon films at different negative bias voltage of 0.0 kV (AF1, AF2) and 0.5 kV 
(BF1, BF2). The average maximum indentation depths decrease from about 0.11 µm of AF1 
and AF2 to about 0.05 µm of BF1 and BF2. Fig. 3-4 shows a good reproducibility of the pico-
indentation test in each deposition condition of hydrogenated amorphous carbon films, and the 
hardness of BF1 and BF2 were higher than that of AF1 and AF2. 
Figure 3-5 shows the chemical compositions of the samples of series A. In Figs. 3-5 (a)–
(d), the In verification test has shown that after Ar+ etching the oxygen peak becomes almost 
invisible and the In peak shifts from In oxide to the metallic In. The effect of the In oxide on 
the In foil surface can be eliminated through the Ar+ treatment. The XPS results for the samples 
of series A are shown in Figs. 3-5 (e)–(h). The oxygen content (IO/ (IO+IC)) was estimated from 
the peak areas of these spectra after the baseline subtraction for each film and power state 
samples. The samples of series B were also carried out by the same method and the results are 
listed in Table 3-6. The oxygen content of hydrogenated DLC film is 3.9 at.% without applied 
negative bias voltage, and that of hydrogenated amorphous carbon powder is 3.5 at.%. The 
oxygen of hydrogenated amorphous carbon film is 2.7 at.% with applied negative bias voltage 
of 0.5 kV, and that of hydrogenated DLC powder is 3.1 at.%. Since the difference of oxygen 
contents of samples A and B between hydrogenated amorphous carbon film and powder is only 
0.4 at.%, our samples do not show any significant changes before and after chemical treatment 
with HCl. Therefore, the oxygen content in our samples was about 3–4 at.%, which can be 
attributed to some residual air or moisture in the chamber during the film deposition process. 
The effect of HCl acid solution during the film powdering process is almost negligible. 
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Figure 3-5 The XPS spectra, (a)–(d) are the In tests prior to each testing of the powder samples. 
Ar+ was used to etch the In surface, before etching (a) oxygen 1s spectrum, (b) In 3d5/2 spectrum, 
and after etching (c) oxygen 1s spectrum, (d) In 3d5/2 spectrum. (e)–(h) are the samples without 
applied negative bias voltage after Ar+ etching, oxygen 1s spectra in film and powder states of 
(e) AF and (f) AP, as well as carbon 1s of (g) AF and (h) AP. 
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Table 3-3 Hydrogen contents, true density, and hardness of hydrogenated amorphous carbon 
films obtained from the curve fitting of RBS/ERDA, pico-indentation, and XRR profiles in Figs. 
3-2, 3-3, 3-4. 
Samples 
Negative bias 
voltage (kV) 
Sample state 
H content 
(at.%) 
Hardness 
(GPa) 
Density 
(g/cm3) 
(AF1) 
0.0 
film 33 2.3 1.24 
(AF2) film 35 2.6 1.26 
(BF1) 
0.5 
film 25 10.6 1.92 
(BF2) film 21 8.5 1.91 
 
Table 3-3 shows the hydrogen content, the hardness, and the true density of hydrogenated 
amorphous carbon films obtained from the above measurements. In order to determine the 
reproducibility of the experiments, the measurements were carried out twice for each condition 
of the negative bias voltage. The result shows that when a negative bias voltage is 0 kV, the 
hydrogen content, hardness, and density of hydrogenated amorphous carbon films are about 
33–35 at.%, 2.3–2.6 GPa, 1.24–1.26 g/cm3, confirming that these films belong to polymer-like 
carbon. When the negative bias voltage increases to 0.5 kV, the hydrogen content decrease to 
21–25 at.%, hardness and density rise to 8.5–10.6 GPa and 1.91–1.92 g/cm3, respectively. Thus, 
it is inferred that the sp3 C-C network sites significantly develop accompanying the decrease of 
the hydrogen content in the hydrogenated DLC films with the negative bias voltage change 
from 0.0 to 0.5 kV. The reproducibility has been well recognized in each condition. However, 
these results cannot fully clarify the structural change in the hydrogenated amorphous carbon 
films, so a more detailed quantitative analysis is needed.  
3.3.3 NEXAFS spectra 
The carbon K-edge NEXAFS spectra of hydrogenated amorphous carbon films at the 
negative bias voltages of 0.0 (AF1, AF2) and 0.5 kV (BF1, BF2) are shown in Fig. 3-6. All the 
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spectra are decomposed into the two-edge structures. A pre-edge resonance at 285 eV is 
assigned to the transition from the C 1s orbital to the unoccupied π* orbitals principally 
originating from sp2 sites (C=C), including the contribution of the sp sites (C≡C) if present. The 
broad band between an energy edge from 288 to 320 eV is related to the C 1s → σ* transitions 
at the sp, sp2, and sp3 sites in the hydrogenated amorphous carbon films. In the previous 
NEXAFS studies [19], the sp2 content of the hydrogenated amorphous carbon films can be 
extracted by normalizing the region of the resonance corresponding to the C 1s → π* transition 
at 284.6 eV with the area of a large section of the spectrum. The absolute sp2 content was 
determined by the comparison with NEXAFS spectrum of the highly oriented pyrolytic graphite, 
from which the sp3/(sp2+sp3) ratio can be evaluated.  
 
Figure 3-6 Carbon K-edge NEXAFS spectra of hydrogenated amorphous carbon films, AF1 
and AF2, without applied negative bias voltage, and BF1 and BF2, with applied negative bias 
voltage at 0.5 kV. The example of the curve-fitting of the raw NEXAFS spectra are shown 
exemplary by the red dashed lines in sample AF1 and their sum as red solid line. 
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Figure 3-7 The solid-state 13C CP-MAS NMR spectra of hydrogenated amorphous carbon 
samples, AP, without applied negative bias voltage, and BP, with applied negative bias voltage 
at 0.5 kV. The curve-fitting of the raw NMR spectra are shown by the red dashed lines and their 
sum as red solid line in the sample AP and BP, respectively. 
 
The sp3/(sp2+sp3) ratios of hydrogenated amorphous carbon films were evaluated as listed 
in Table 3-4 from the curve fitting of each raw NEXAFS spectrum [22, 23] is shown exemplary 
in Fig. 3-6 AF1. When a negative bias voltage is 0.0 kV, the sp3/(sp2+sp3) ratios of hydrogenated 
amorphous carbon films of AF1 and AF2 were about 0.42 and 0.45, respectively. By increasing 
the negative bias voltage to 0.5 kV, the sp3/(sp2+sp3) ratios of BF1 and BF2 decrease to 0.27 
and 0.29, respectively. The above ratios have some contradiction with other results, e.g., the 
true density of our deposited films, because the previous studies showed the “diamond-like” C-
sp3 bonding was the primary determining factor of these physical properties. They should 
increase with the application of a negative bias voltage on the substrate stage [45]. A possible 
explanation of this contradiction is the reduction of the methyl groups in the sp3 bonding state 
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into the formation of the alkenyl groups in the sp2 bonding. This explanation will be confirmed 
in the next subsection. 
 
Table 3-4 The results of the comparison of the hydrogenated amorphous carbon samples 
obtained from the curve fitting of the solid-state NEXAFS and NMR spectra in Figs. 3-6 and 
3-7. 
Samples 
Peak area intensity from NMR spectra 
sp3/(sp2+sp3) 
(NMR) 
sp3/(sp2+sp3) 
 (NEXAFS) 
sp2 sites sp3 sites 
=C =CH –CH3 –CH2 + –CH –C 
(AP) 
(AF1) 
0.25 0.14 0.02 0.15+0.19 0.25 0.61 
0.42 
(AF2) 0.45 
(BP) 
(BF1) 
0.29 0.17 0.00 0.07+0.14 0.33 0.54 
0.27 
(BF2) 0.29 
 
Table 3-5 Comparison of the peak positions for the 13C CP-MAS NMR spectra of hydrogenated 
amorphous carbon samples obtained from the previous works and the curve fitting results of 
the present work in Fig. 3-7. 
Samples 
C-sp3 (ppm) C-sp2 (ppm) 
Reference 
–CH3 –CH + –CH2 –C =CH =C 
a-C:H a) 14.4 23+36 54 125 140 [27] 
a-C:H b) 15 40 55 125 135 [30] 
HTC c) 13.9 23.9–38.3 50.5 110–118 131–148 [31] 
AP 10 22+39 70 119 130 – 
BP 13 30+46 69 127 138 – 
a) Microwave plasma chemical vapor deposition (MPCVD) method, b) DC magnetron 
sputtering deposition method, c) hydrothermal carbons (HTC) 
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3.3.4 13C CP-MAS NMR spectra 
The solid-state 13C NMR spectra of the hydrogenated amorphous carbon samples at the 
negative bias voltages of 0.0 (AP) and 0.5 kV (BP) are shown in Fig. 3-7. All the 13C NMR 
spectra measured with the cross-polarization technique consist of two typical broad peaks [26, 
27, 30]. One main peak is located at the chemical shift of about 55 ppm and belongs to the sp3 
hybridized carbon. Another main peak is positioned at about 130 ppm and can be attributed to 
the sp2 hybridized carbon. There are also other small peaks at the chemical shifts of about 155 
and 175 ppm which are attributed to the –COO bonding [31]. The appearance of this bonding 
is due to some residual air or moisture in the chamber during the films deposition process or 
the contamination of the influence of oxygen and HCl acid solution during the film powdering 
process. 
To understand the detailed information on unprotonated alkenyl (=C), protonated alkenyl 
(=CH), –CHn (n  1, 2, and 3) groups, and network carbon on the sp2 and sp3 bondings, the 13C 
CP-MAS NMR spectra were fitted using the Gaussian functions representing these bondings 
with the peak position (ppm), the width, and the intensity as the parameters. The peak positions 
obtained in the present work are compared with those in the previous works [27, 30, 31], the 
comparison results are summarized in Table 3-5. Clearly, the peak positions are significantly 
dependent on the negative bias voltages, and the materials selected for the calibration of the 
chemical shift. We successfully obtained all the typical peak positions from the features of 13C 
CP-MAS NMR spectra. The results obtained from the spectral fitting are shown in Table 3-4. 
With an increase of the negative bias voltage, the fraction of the network quaternary carbon 
raised from 0.25 to 0.33, in parallel with the fraction of the –CH, –CH2, and –CH3 groups 
decreased from 0.19, 0.15, and 0.02 to 0.14, 0.07, and 0.00, respectively. These results can give 
a good explanation why the hardness and density increased significantly. In addition, we also 
extracted the H/C atomic ratio from NMR spectra (H/C = (–CH + 2–CH2 + 3–CH3 +1/2C=CH) 
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/ (–CH + 2–CH2 + 3–CH3 +1/2C=CH + –C + C=C)), whose results are listed in Table 3-6. The 
H/C atomic ratio of AP and BP are 0.55 and 0.37, respectively. The average H/C atomic ratio 
from RBS/ERDA of AF and BF are 0.52 and 0.30, respectively. The difference of H/C atomic 
ratios between the NMR and RBS/ERDA methods of samples series A and B are 0.03 and 0.07, 
respectively. Thus, it is inferred that the H/C atomic ratio obtained from NMR measurements 
are consistent with that from RBS/ERDA, which is indicative of the quantitativeness of our 
NMR result. 
 
Table 3-6 The H/C atomic ratios from RBS/ERDA and NMR and the oxygen atomic content 
of each samples. The H/C atomic ratios from RBS/ERDA are calculated from Table 3-3 and 
the average values are shown. The NMR H/C ratios are obtained from Table 3-5. The oxygen 
atomic contents are calculated from the peak area of each sample in XPS spectra.  
Samples 
H/C atomic ratio  
(RBS/ERDA)(average) 
H/C atomic ratio  
(NMR) 
O content  
(at.%) 
AF 0.52 — 3.9 
AP — 0.55 3.5 
BF 0.30 — 2.7 
BP — 0.37 3.1 
 
3.3.5 Discussion on the sp3/(sp2+sp3) ratios evaluated from NEXAFS and 13C NMR 
The sp3/(sp2+sp3) ratios of the present hydrogenated amorphous carbon films are 
successfully obtained from the NEXAFS and 13C NMR spectral fittings. In Table 3-3, it can be 
seen that the chemical composition, the physical properties, and the structure of the two types 
of hydrogenated amorphous carbon films change significantly upon the application of the 
negative bias voltage. The hardness and the true density significantly increase from about 2.5 
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GPa and 1.25 g/cm3 to 9.6 GPa and 1.91 g/cm3, whereas the average hydrogen content 
decreased from 34 to 23 at.%. Thus, the CHn (n=1, 2, and 3) structures should be reduced and 
the network sp3 carbon fraction should increase as the negative bias voltage is applied.  
In this study, the results of sp3/(sp2+sp3) ratios obtained by the two methods of NEXAFS 
and 13C NMR have decreasing trends, from the latter which illustrates a more clear structural 
change from series A to B in detail. The results of the NEXAFS seem to include some distortion 
because the PEY mode was used in the NEXAFS measurement. The PEY mode prefers the 
samples to have good electrical conductivity. The resistivity of amorphous carbon films is in 
the range of 102–1014 Ω·cm which corresponds to be intermediate between semiconductor and 
insulator [4649]. Especially, the resistivity of the PLC films was close to insulators. Hydrogen 
atoms generally make bond in these films to sp3 hybridized state of carbon to form a –CHn (n 
 1, 2, and 3) group [30, 50]. This is why the sp3/(sp2+sp3) ratios obtained from the NEXAFS 
analysis of the present hydrogenated amorphous carbon films decreased but the density and 
hardness were contradictory increased upon the application of the negative bias voltages.  
Our results shown in Table 3-5 need to give a further discussion. We can suggest a 
chemical model for our hydrogenated amorphous carbon samples with no applied negative bias 
voltage. The model constitutes the “diamond-like” sp3 and “graphite-like” sp2 hybridized 
carbon clusters, and the relative amounts of hydrogen termination structures (–CHn (n  1, 2, 
and 3) and =CH groups). The total sp3/(sp2+sp3) ratio obtained from the solid-state NMR has 
been changed from 0.61 to 0.54 as opposed to the sp2/(sp2+sp3) ratio changed from 0.39 
(0.14+0.25) to 0.46 (0.29+0.17) as the applied negative bias voltage increases from 0.0 to 0.5 
kV. When we discuss this ratio of sp3/(sp2+sp3) separately, the decrease of the fractions of –CHn 
(n  1, 2, and 3) groups seems to be the main reason for reducing the total ratios of sp3/(sp2+sp3). 
The fraction of protonated alkenyl (=CH) is almost unchanged whether the negative bias 
voltage applied or not, from which it is inferred that hydrogen atoms are generally combined in 
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the films of 0.0 kV with sp3 hybridized carbons and that they are sputtered under the biased 
condition. On the other hand, the fractions of the network structures in these hydrogenated 
amorphous carbon samples, i.e., those of the unprotonated alkenyl (C=C) and the quaternary 
carbon atoms, appear to increase. These explanations suggest that the applied negative bias 
voltage effects on the increase of the network cluster size, leading to the reduction of the –CHn 
(n  1, 2, and 3) groups [10, 11]. For the NEXAFS measurement, the PEY mode was used in 
this study usually count all kinds of sp3 hybridized carbon (including –CHn (n  1, 2, and 3) 
groups and the network quaternary carbon). Since the present hydrogenated DLC films contain 
high hydrogen contents, the conductivity will be low. Therefore, the counted electrons of C 1s 
→ σ* transitions should be decreased. As a result, the area that forms C 1s → σ* transitions in 
the NEXAFS spectrum would be reduced, leading to the reduction of the sp3/(sp2+sp3) ratio of 
the present hydrogenated amorphous carbon films compared to that obtained from 13C NMR. 
The more quantitative analysis will be necessary in future. 
3.4 Summary 
Two types of hydrogenated amorphous carbon films with different chemical compositions, 
physical properties, and structure were deposited by ECR-CVD applying negative bias voltages. 
The XRR, pico-indentation, and RBS/ERDA results revealed significant differences for the film 
density, hardness, and hydrogen content with high reproducibility. The Raman and XPS results 
illustrated that the hydrogenated amorphous carbon samples did not show any significant 
changes before and after the chemical treatment with HCl and indicate a low oxygen content. 
The H/C atomic ratios extracted from RBS/ERDA and NMR spectra were consistent with each 
other, giving an indirect proof of showing that the present NMR analysis provided a significant 
contribution. In summary, the comparison of the quantitative analysis of the sp3/(sp2+sp3) ratio 
for the hydrogenated amorphous carbon films by the NEXAFS and solid-state NMR methods 
was successful. It was possible to separate the signals of hydrocarbon sp3 (–CHn (n  1, 2, and 
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3) groups) and network C-sp3 by solid-state 13C NMR, from which the relationship between the 
sp3/(sp2+sp3) ratio obtained from the NEXAFS method and the true density could be understood 
in the present work. Finally, the hydrogen content plays a non-negligible role in all kinds of 
amorphous carbon films; therefore, the analytical methods to determine the specific amorphous 
carbon film quantities have to be carefully selected. 
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Chapter 4 
 
Structural analysis of amorphous carbon films by 
BEMA, XRR, and NEXAFS methods 
 
 
 
Abstract 
The structural analysis of amorphous carbon films is imperative for the application of their 
unique properties into industrial fields. Density is one of the most fundamental properties of 
amorphous carbon films, and directly related to their structures. In the present study, 13 types 
of amorphous carbon films with different sp3/(sp2+sp3) ratios and hydrogen contents were 
deposited by various physical and chemical vapor deposition techniques. All these films were 
analyzed by spectroscopic ellipsometry and simulated using Bruggeman effective medium 
approximation (BEMA) theory. In this simulation analysis, 10 types of optical models were 
proposed based on the selected five kinds of standard materials (diamond, highly oriented 
pyrolytic graphite, glassy carbon, polyethylene, and void) with considering a feasibility of each 
model. The comparisons of the X-ray reflectivity density and BEMA calculated density, as well 
as those of the sp3/(sp2+sp3) ratios obtained from BEMA simulation and the near-edge X-ray 
absorption fine-structure analysis, were carried out for the individual samples. Thus, using 
BEMA theory, it was established that the suitable optical models should be applied to make a 
detailed structural analysis of the individual types of amorphous carbon films. 
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4.1 Introduction 
4.1.1 Structure and density of amorphous carbon films 
Amorphous carbon film is one of the attractive carbon materials due to its outstanding 
properties which have wide applications in mechanical, electrical, optical, and chemical fields 
[1–3] depending on their chemical structures. In general, amorphous carbon films have complex 
structures composed of the “diamond-like” sp3 hybrid carbons C(sp3), sp2 hybrid carbons C(sp2), 
and hydrogen terminations [4–6]. Besides, density is one of the most basic parameters to 
categorize carbon materials ranging from ≈ 1.25 g/cm3 of polymer-like carbon (PLC) [7] to 
3.52 g/cm3 of diamond [8] according to the fractions of bonding states and free volumes in their 
structures. 
 Since it has been named by Aisenberg and Chabot in 1971[9], diamond-like carbon 
(DLC) films which are the most important categories of amorphous carbon films have been 
studied from the scientific viewpoints to the industrial applications [2]. Many structural models 
[6, 10, 11] have been proposed to describe the role of each component in amorphous carbon 
films. One of the most famous models is the “two-phase structure model” which proposed by 
Robertson in the study of the electrical properties of the amorphous carbon films [11]. This 
model considers that the amorphous carbon structure can be described as the C(sp2) clusters 
embedded in the matrix of C(sp3), and has been recognized by many researchers [8, 12, 13]. On 
the other hand, the hydrogen terminations also play such an important role in all kinds of 
amorphous carbon films as follows. When we discuss the properties and applications of 
amorphous carbon films [14], we have to consider the content of hydrogen atoms and their 
bonding states. Previous studies have emphasized that the bonding states of hydrogen atoms in 
the amorphous carbon films have been C(sp3)-H in many cases [15, 16]. When the hydrogen 
content exceeds a certain amount [14], the C(sp3)-H bonds become close to the polyethylene 
(PE) structure where hydrogen atoms make the bonds with the sp3 hybridized carbon atoms. 
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Thus, the PE structure should also be taken into account as another phase of the amorphous 
carbon structural model. Then, the “three-phase model” might be appropriate to describe the 
amorphous carbon films which have certain hydrogen contents. 
4.1.2 Amorphous carbon film structural analysis and BEMA theory 
In order to validate these structural models and to promote further the industrial 
applications, various experimental methods have been used for structural analysis of amorphous 
carbon films. Raman spectroscopy [17], X-ray photoelectron spectroscopy [18], electron energy 
loss spectroscopy [7], near-edge X-ray absorption fine-structure (NEXAFS) [19], solid-state 
nuclear magnetic resonance techniques [20], and Rutherford backscattering and Elastic Recoil 
Detection Analysis (RBS/ERDA) [20] have been used to obtain the sp3/(sp2+sp3) ratios and 
hydrogen contents of amorphous carbon films. Based on these studies (mostly NEXAFS and 
RBS/ERDA) the researchers and engineers in Germany and Japan have proposed a 
classification standard of amorphous carbon films in 2005 [21] and 2012 [20] successively. In 
this classification, amorphous carbon films are categorized into the four typical groups (type I–
IV, so-called DLC films) and two special types of amorphous carbon films (type V and VI) [20, 
22]. In nowadays, not only the structural analysis but also the physical, chemical, and 
mechanical properties have also been used to distinguish the types of amorphous carbon films. 
Especially, the optical constants in terms of the refractive indices (n) and extinction coefficients 
(k) (at λ=550 nm) measured by spectroscopic ellipsometry (SE) have been proved to be a simple 
and effective method to classify the amorphous carbon films [23]. 
 In addition, Bruggeman’s effective medium approximation (BEMA) theory introduced 
into the SE method has been applied to make further classification of amorphous carbon films. 
Bruggeman has given a theoretical explanation about BEMA in 1935 [24]. Before that, another 
theoretical model, Maxwell-Garenett effective medium approximation (MGEMA) [25], has 
been proposed. Niklasson et al. [26] presented a comprehensive comparison of MGEMA and 
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BEMA in the analysis of inhomogeneous materials and proved that the latter seems to be more 
effective. Then, BEMA theory has been widely used to analyze the structure of amorphous 
carbon films. The BEMA theory is made up from the Lorentz-Lorentz equation based on a 
Lorentz local field theory, and assumes the spherical dielectrics distributed in the mixed phases 
as described in Appendix A. In the BEMA equation, the dielectric function of amorphous 
carbon films (εa) can be approximated in terms of those of the selected specific standard 
materials (εs). In the previous studies, graphite, highly oriented pyrolytic graphite (HOPG), 
glassy carbon (GC), diamond, PE, and void have been used as the standard materials [27–32]. 
The εa can be converted by the BEMA equation into (Ψ, Δ) spectrum, where Ψ and Δ stand for 
the amplitude ratio and the phase difference, respectively. Then, it is possible to analyze the 
structure of amorphous carbon films by fitting the spectrum measured by SE. However, the 
results of the previous analyses have been strongly dependent on the kind of the standard 
materials and their dielectric functions, and in addition, the types of amorphous carbon films 
have been limited to only a few species. Therefore, it is necessary to find the well-defined 
standard materials and the dielectric function of each standard material through the analysis of 
various kinds of amorphous carbon films.  
 In this study, amorphous carbon films were assumed to be represented by the 
superpositions of the standard materials, for which the BEMA theory was applied to reproduce 
the experimental result of SE. From this analysis, the different types of amorphous carbon films 
can be represented by varying the superposition coefficients of the standard materials. We have 
selected five standard materials (HOPG, GC, diamond, PE, and void) to build ten kinds of 
optical models after considering the feasibility of each model. In order to verify the reliability 
of the results, we used the X-ray reflectivity (XRR) method to measure the film densities as 
well as the NEXAFS method to evaluate the sp3/(sp2+sp3) ratios, and then, compared the 
densities and ratios with that calculated from BEMA theory for individual films. Finally, the 
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discussion and comparison of the above methods are made on the structural analysis of various 
kinds of amorphous carbon films. 
4.2 Experimental details 
4.2.1 Film deposition 
Amorphous carbon films used in this study were the 13 types prepared with different 
deposition methods which included samples provided by the other research groups upon the 
request by the authors. All the samples were deposited on a (100)-oriented p-type single silicon 
wafer (10×10×0.5 mm3) substrate. The silicon wafer was ultrasonically cleaned sequentially 
with distilled water, ethanol, and acetone for 15 min each before introducing into the deposition 
chamber. Ar plasma was used to pre-clean the substrates and the chamber for 30 min. Samples 
#01–03 were the provided samples which were deposited by a filtered cathodic vacuum arc 
(FCVA)-I method as well as samples #07 and #08 by a physical-vapor-deposition (PVD) 
method. Samples #04–06 were made by an FCVA-II method, where the graphite target (The 
Nilaco Co., Ltd, purity of 99.9 %) were used as the carbon precursor. Samples #09 and 10 were 
deposited by an electron-cyclotron-resonance chemical-vapor-deposition (ECRCVD) method 
with the conditions described in [20]. Samples #11–13 were prepared by a plasma-enhanced 
(PE)-CVD method with different negative bias voltages as described in ref. [33]. 
4.2.2 Measurements of SE 
All the amorphous carbon samples that obtained in 4.2.1 and the selected standard 
materials of HOPG [34, 35] and GC plates were measured by the SE method (HORIBA, Jobin-
Yvon, UVISEL NIR 23301010I). The incident angle of the source radiation was set to 70° ; 
each measurement was carried out in the spectral range between 0.6 and 4.8 eV with a step of 
0.05 eV at 293 K. 
4.2.3 Measurements of XRR 
XRR was used to determine the true density and thickness [36] of standard material GC 
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and all the amorphous carbon films in the present work. In this approach, the X-ray was incident 
on the surface of the above materials at a small angle (0.18 < 2θ < 2.0), and the total reflection 
occurs at a critical angle [37]. The XRR measurements (M03XHFMXP3, Mac Science) were 
carried out by using a Cu Kα source with the wavelength of 1.54 Å operated at acceleration 
voltage of 40 kV and its currents of 15 mA under the condition of the scan range of 0.18–2.00 
and the step size of 0.004°. The commercial software (Rigaku, GXRR) was used to simulate 
the logarithmic data of the reflection intensity, from which the density and thickness of GC and 
amorphous carbon films can be obtained. 
4.2.4 Measurements of RBS/ERDA 
The hydrogen content was evaluated by RBS/ERDA with 2.5 MeV-He+ irradiation using 
an electrostatic accelerator (Nisshin-High Voltage, NT-1700HS) located at the Extreme Energy 
Density Research Institute, Nagaoka University of Technology. For the irradiation of He+ ions, 
the sample was set in a high-vacuum chamber operating under a pressure of 3 × 10–5 Pa. The 
irradiation area of the sample was 1 × 3 mm2. The spectra of the amorphous carbon films were 
acquired by a 2.5 MeV-He+ ion beam incident on the sample surface at an angle of 72° with 
respect to the surface normal of the sample. 
4.2.5 Measurements of NEXAFS 
The sp3/(sp2+sp3) ratios of amorphous carbon films were obtained by NEXAFS method 
which were performed at the BL3.2Ub of the Synchrotron Light Research Institute (SLRI) 
(Public Organization), Nakhon Ratchasima, Thailand. The synchrotron radiation source at the 
storage ring was generated using a beam energy of 1.2 GeV. The beamline photon source covers 
an energy range of 40 to 1040 eV at the resolving power of 10000. The NEXAFS spectra were 
measured in the partial electron yield (PEY) mode and the light polarization was parallel to the 
surface at any incident light angle. The intensity of the incident photon beam (I0) was monitored 
at a gold mesh in front of the samples, enabling the PEY signal to be normalized by I0. The total 
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energy resolution was approximately 0.5 eV. The carbon K-edge NEXAFS spectra were 
measured in the energy range of 275 to 320 eV at an energy step of 0.1 eV. Absolute photon 
energy was obtained by adjusting the π＊(C=C) peak position of graphite to the literature [38]. 
Uncertainty in the calibrated energy was estimated to be ± 0.2 eV. 
4.3 BEMA analysis 
4.3.1 Selection of standard materials 
As described in section 4.1.1, the main constituents in the structure of amorphous carbon 
films are C(sp2), C(sp3), and hydrogen terminations. Therefore, we selected the standard 
materials having these three basic structures individually as HOPG, GC, diamond, PE, and void. 
HOPG plate with NT-MDT, ZYA quality, GRAS/1.0, 10×10×1.5 mm3, and the mosaic spread 
of 0.3–0.5 degree was used as the crystalline C(sp2) standard material. We peeled off the 
outermost surface of HOPG plate by the tape method (3M, mending tape) before each 
measurement. GC (Tokai Fine Carbon Co., Ltd, Grade GC-20SS, 30×30×1 mm3) was used as 
the non-crystalline C(sp2) standard material which was mirror-polished, surface roughness is 
20 nm. We selected crystal diamond as the crystalline C(sp3) standard material. However 
several researchers [27, 28] used the sp3-amorphous carbon to approximate the structure of 
C(sp3), it was difficult to define the dielectric function and density of sp3-amorphous carbon. 
Nonetheless, we used the dispersion equation of Sellmeier’s formula (extinction coefficient, k 
= 0), which is non-physical principle but generally can be used to characterize its oscillator 
dispersion energy [39], as the dielectric function of diamond as [40] 
n2 = ε∞+
aλ
2(ω)
λ
2(ω)-λ1
2 +
bλ
2(ω)
λ
2(ω)-λ2
2 ,      (4-1) 
where ε∞ = 1.0, a = 0.3306, b = 4.3356, λ1 = 175 nm, and λ2 = 106 nm. For the structure of 
hydrogen terminations, previous studies [15] pointed out that hydrogen atoms generally form –
CHn (n  1, 2, and 3) groups with C(sp3) which can be simulated by PE. We selected PE as the 
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non-crystalline C(sp3) standard material. The dispersion equation of classical oscillator model 
[41] used for the dielectric function of PE as: 
ε=ε∞+
(εs-ε∞) ωt
2
ωt
2-ω2+iΓ0ω
,      (4-2) 
where ε∞ = 1.0, εs = 2.3, and ωt = 12.0. In addition, the density and dielectric constant of 
amorphous carbon films were generally lower than those of crystalline diamond and graphite 
because of the amorphization and hydrogenation. This is due to the free volume formed during 
the film deposition process. For these reasons, we selected the void as one of the standard 
materials. The meaning of void has a wide variety, such as porosity, empty space, etc. Guo et 
al. [31] have given the definition of void as the existence of the free space resulting from 
incomplete interlocking of nuclei. There was no specific reference material so that we consider 
the permittivity of void approximately equal to the atmosphere as εr = 1.0 and εi = 0. Fig. 4-1 
shows the real and imaginary parts of the dielectric constants of HOPG, GC, diamond, PE, and 
void used in the present study in the range of 0.6–4.8 eV. 
 
Figure 4-1 The real (a) and imaginary (b) parts of the dielectric constants of the standard 
materials HOPG, GC, diamond, PE, and void in the range of 0.6 to 4.8 eV. The optical 
information on the diamond and PE was taken from the references [40, 41]. HOPG and GC are 
measured using the present SE method. 
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4.3.2 Theoretical expressions 
SE is an optical technique for investigating the dielectric properties of thin films, from 
which the film properties such as thickness, roughness, optical constants, electrical conductivity, 
compositions, and other material properties can be obtained. SE measures the complex 
reflectance ratio ρ of a film, which is parametrized by the amplitude component Ψ and the phase 
difference Δ. The polarization state of the light incident upon the sample decomposed into the 
s and p components (the s component oscillates perpendicularly to the plane of incidence and 
parallel to the sample surface, and the p component parallel to the plane of incidence). The 
amplitudes of the s and p components after reflection which are normalized to their initial 
amplitudes are denoted by rs and rp, respectively. The angle of incidence is chosen close to the 
Brewster angle of the sample to ensure a maximal difference in rs and rp. The ratio of rp over rs 
as: 
ρ = 
rp
rs
 = tan (Ψ)𝑒i𝛥 ,     (4-3) 
where tanΨ is the amplitude ratio upon reflection. SE is an indirect method, i.e. the measured 
Ψ and Δ cannot, in general, be converted directly into the optical constants of a sample. Usually, 
a model analysis must be performed by using the models of Lorenz, Drude, Classical dispersion, 
New amorphous, Tauc-Lorenz dispersion [42–45] and so on, which are used to fit and estimate 
the complex refractive index (dielectric function) of different materials. In these models, the 
Tauc-Lorenz dispersion formula has been the most commonly used to calculate the dielectric 
function of amorphous materials [42, 44, 46].  
The volume fraction and film thickness were obtained from the simulation analyses of the 
Ψ and Δ spectra as follows. Considering that the model should be commonly applied to all kinds 
of amorphous carbon films, we used the dispersion formula that combines Tauc-Lorentz (TL) 
and Drude models [47, 48] (hereafter abbreviated as TL + Drude; see Appendix B for the detail) 
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to simulate the measured (Ψ, Δ) spectra. First, we simulated the HOPG plate. The optical model 
in this simulation is shown in Fig. 4-2(a). The substrate was modeled by TL + Drude and the 
layer on the substrate was (TL + Drude) + void (50%). For the simulation of GC standard 
material, the BEMA formula was used to fit the observed (Ψ, Δ) spectrum of the GC plate. In 
this simulation, HOPG and void were used for the standard materials with the screening factor 
of 0.333. The dielectric function of HOPG from the simulation analysis described in section 
4.4.1.4 was used in this data fitting. The dielectric function of void was assumed to be the same 
as the values mentioned above. The optical models applied to BEMA equation were shown in 
Fig. 4-2(b). 
In the simulation of amorphous carbon films, we have assumed ten optical models as 
shown in Figs. 4-2(c)–(l). The crystalline silicon (c-Si) was used as the substrate in each optical 
model. The first layer of each optical model was assumed to consist of a mixed phase which 
was composed of several standard materials. The diamond or PE was assumed to be the standard 
materials of C(sp3) component as well as HOPG or GC for the standard materials of the C(sp2) 
component. For the free volume or hydrogenated termination, void or PE were assumed as 
standard materials in these optical models. In the first stage of these simulation analyses, all the 
amorphous carbon films were simulated by using the models of (c)-(h) where diamond is one 
of the basic standard materials. However, the standard material of diamond cannot necessarily 
reflect the C(sp3) structure for all kinds of the present amorphous carbon films, which can, 
instead, be represented well by the PLC films when they are fabricated by PECVD or ECRCVD 
methods [7, 49]. In the second stage, therefore, the models (i)–(l) using PE as one of the basic 
standard materials are adopted to analyze the high hydrogen content and low-density 
amorphous carbon films. 
The Levenberg-Marquardt algorithm has been used to check the fitting analysis of the (Ψ, 
Δ) spectra. From the difference between the experimental and simulated (Ψ, Δ) values, the 
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fitting error (χ2) of each measurement was estimated as: 
χ2 = 
1
d
∑[
(Ψsimu-Ψobs)i
2
ΓΨ, i
+
(Δsimu-Δobs)i
2
ΓΔ, i
]，               (4-4)
n
i =1
 
where Ψsimu and Δsimu are the simulated Ψ and Δ, respectively, and Ψobs and Δobs are the observed  
Ψ and Δ, respectively. ΓΨ and ΓΔ are the standard deviations of Ψ and Δ, respectively, d is the 
degrees of freedom, and n is the total number [50, 51]. The final result was obtained so as the 
fitting error (χ2) to be the smallest in each fitting analysis. 
 
Figure 4-2 Optical models applied to BEMA equation (TL+Drude: the combination of Tauc-
Lorentz and Drude models, PG: HOPG, GC: glassy carbon, D: diamond, PE: polyethylene, and 
V: void). The model (a) and (b) are used for the simulation of HOPG and GC standard materials, 
the models (c)–(h) are used for all types of (hydrogenated) amorphous carbon films, and the 
models (i)–(l) are used for the high hydrogen and low-density amorphous carbon films. 
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In order to verify the correctness of the volume fractions of the individual components 
obtained by BEMA method and to validate the optical models used for the individual 
amorphous carbon samples, we calculated the BEMA density (ρBEMA) as: 
   ρ
BEMA
=∑ ρ
i
×f
i
 .            (4-5)
3
i=1
 
In Eq. (4-5), ρi is the density of the standard material and fi is the volume fraction defined 
in Eqs. (A.7) and (A.8). The ρi values are summarized in Table 4-1 [8, 27, 52]. Since the density 
of GC has not been reported, we obtained the density of GC from the XRR measurement of a 
GC plate which will be described later in section 4.4.1. While the density of PE has a wide 
range of 0.91–0.96 g/cm3 [53, 54], the density of 0.95 g/cm3 was used in the present study which 
is closer to the high-density PE and amorphous carbon films. 
Table 4-1 Densities of standard materials used for the analysis of the BEMA density. 
Standard  material HOPG GC diamond PE void 
density (g/cm3) 2.26 1.69 3.52 0.95 0 
 
4.4 Results and Discussion 
4.4.1 Results 
4.4.1.1 XRR results 
Figure 4-3 shows the XRR profiles of the standard material of GC on a semi-logarithmic 
scale. The solid curve represents the experimental profile, and the dotted curve the simulation 
analysis. In the high angle side (> 0.5° ), there is a large discrepancy between the simulation 
and experimental curves. Nonetheless, the true density obtained from XRR method generally 
determined by the critical angle, whose simulated value 0.358° is in good agreement with the 
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experimental value 0.360° . Therefore, the discrepancy mentioned above in the large-angle 
region has no effect on the determination of the GC density. From the above measured critical 
angle of GC plate, the density is estimated to be 1.67 g/cm3. Another measurement point yielded 
the density to be 1.71 g/cm3. Then, the final density of standard GC was the arithmetic average 
of the two densities as 1.69 g/cm3 in the present work. Therefore, the estimating error of the 
present fitting process is around 0.03 g/cm3. 
 
 
Figure 4-3 XRR profiles of GC (solid line: experimental profile, dotted line: fitted profile). 
 
The examples of the XRR profiles and simulation results for the samples of #06, 08, 09, 
and 12 made by FCVA, PVD, ECRCVD, and PECVD methods, respectively, are shown in Fig. 
4-4. The critical angles of these samples were 0.43, 0.40, 0.38, and 0.35° , from which the XRR 
densities (ρXRR) were 2.62, 2.21, 1.98, and 1.50 g/cm3, respectively. Since the interferogram (the 
fringe in each XRR profile) appears periodically to change with the film thickness, the XRR 
thickness (dXRR) of each film obtained from the fitting was 21.4, 188.8, 256.0, and 220.0 nm.  
Chapter 4 Structural analysis of amorphous carbon films  
by BEMA, XRR, and NEXAFS methods 
 
 
 
Structural analyses of amorphous carbon and related films 
105 
 
Figure 4-4 The XRR profiles of amorphous carbon films deposited from (a) FCVA #6, (b) PVD 
#8, (c) ECRCVD #9, and (d) PECVD #12.  
 
 For all the other samples, ρXRR and dXRR have also been obtained by the same way, and 
all the results are summarized in Table 4-2. Due to the variations of the deposition methods and 
the deposition time, dXRR of deposited amorphous carbon films in the present work distributed 
between 21.4 and 312.0 nm. In addition, the film density was dependent on the film formation 
method. From these densities, the present amorphous carbon films can be classified as follows. 
The ρXRR values of type I amorphous carbon films made by FCVA method are in the range of 
3.02–3.25 g/cm3, those of type II in the range of 2.01–2.62 g/cm3, those of amorphous carbon 
films obtained from PVD method are in the range of 2.17–2.21 g/cm3, and those obtained from 
the ECRCVD and PECVD methods in the range of 1.23–1.98 g/cm3. It is indicated that the 
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density of the deposited amorphous carbon films are strongly dependent on the deposition 
methods. 
Table 4-2 Summary of dXRR, ρXRR, ρBEMA, and hydrogen content of the amorphous carbon films. 
sample method dXRR (nm) ρXRR (g/cm3) ρBEMA (g/cm3) H (at.%) 
#01 FCVAI 181.0  3.10  3.23 0.3  
#02 FCVAI 66.3  3.02  3.14 0.5  
#03 FCVAI 210.8  3.25  3.17 1.0  
#04 FCVAII 29.8  2.53  2.30 4.5  
#05 FCVAII 26.9  2.01  2.01 4.5  
#06 FCVAII 21.4  2.62  2.39 5.0  
#07 PVD 312.0 2.17  2.15 19.0  
#08 PVD 188.8  2.21  2.26 19.0  
#09 ECRCVD 256.0 2.00  2.05 26.0 
#10 ECRCVD 250.0 1.26  1.19 33.0 
#11 PECVD 104.8  1.74  1.73 31.0  
#12 PECVD 220.0  1.50  1.45 36.0  
#13 PECVD 50.7  1.23  1.23 42.0  
 
4.4.1.2 RBS/ERDA results 
Figure 4-5 shows the typical RBS and ERDA spectra of amorphous carbon films deposited 
by (a) FCVA #06, (b) PVD #08, (c) ECRCVD #09, and (d) PECVD #12 methods. For the RBS 
spectra, the peaks that He+ ions backscattered according to carbon atoms in amorphous carbon 
films are observed around 200–450 ch. For the ERDA spectra, the peaks of hydrogen atoms 
recoiled from the sample by the irradiation of He+ ions emerged around 180–420 ch. The C and 
Si peaks on RBS spectra of the amorphous carbon films and the substrates are profiled using 
an RBS fitting calculation package (Nissin High Voltage ERNIE ver. 1.0). The H peaks on 
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ERDA spectra of the amorphous carbon films are profiled using an ERDA fitting calculation 
package (Nissin High Voltage ERNIE ver. 1.55) to compare the peak intensities of C and H. 
The estimating error of the present fitting process is around 5%. The hydrogen contents of 
amorphous carbon films of #06, 08, 09, and 12 were 5.0, 19.0, 26.0, and 36.0 at.%, respectively. 
Table 4-2 lists the other results obtained from the above peak-fittings. The hydrogen content of 
amorphous carbon film of type I made by FCVA method was in the range of 0.3–1.0 at.%, and 
that of type II in the range of 2.5–5.0 at.%. The hydrogen content of amorphous carbon films 
obtained from PVD method were 19.0 at.%. The hydrogen contents obtained from the 
ECRCVD and PECVD methods were in the range of 26.0–42.0 at.%. The hydrogen contents of 
deposited amorphous carbon films also show significant dependencies on the deposition 
methods and conditions. 
 
Figure 4-5 The RBS/ERDA spectra of amorphous carbon films of deposited by (a) FCVA #6, 
(b) PVD #8, (c) ECRCVD #9, and (d) PECVD #12. 
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Figure 4-6 The Carbon K-edge of NEXAFS spectra of amorphous carbon films deposited by 
(a) FCVA #6, (b) PVD #8, (c) ECRCVD #9, and (d) PECVD #12. 
 
4.4.1.3 NEXAFS results 
Figure 4-6 shows the examples of the carbon K-edge NEXAFS spectra of amorphous 
carbon films synthesized by (a) FCVA #06, (b) PVD #08, (c) ECRCVD #09, and (d) PECVD 
#12 methods. These spectra are decomposed into the two-edge structures. A pre-edge resonance 
near 285 eV is assigned to the transition from the C 1s orbital to the unoccupied π* orbitals 
principally originating from sp2 or sp sites if present. The other broadband between energy-
edge from 288 to 320 eV is related to the C 1s → σ* transitions at the sp, sp2, and sp3 sites in 
the amorphous carbon films. The sp2 content of the amorphous carbon films can be extracted 
by normalizing the region of the resonance corresponding to the C 1s → π* at 284.6 eV with 
the whole spectral area. The absolute sp2 content was evaluated from the purely sp2 reference 
measured on the HOPG carbon K-edge as follows from which the sp3/(sp2+sp3) ratio can be 
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evaluated. The estimating error of the present fitting process is also around 5%. The 
sp3/(sp2+sp3) ratios of amorphous carbon films were evaluated as listed in Table 4-3 from the 
curve fitting of the NEXAFS spectra are shown in Fig. 4-6(d) [33, 55]. 
4.4.1.4 SE simulation results 
The simulation results of the standard materials of HOPG and GC are shown in Fig. 4-7. 
The Ψ and Δ spectra obtained for the measurement of HOPG plate and their simulated spectra 
by the dispersion equation of the TL+Drude+Void optical model are shown in Fig. 4-7(a). The 
observed spectra were fully reproduced by the simulated spectra, from which χ2 of this 
simulation was 2.641, indicating that this optical model is appropriate to evaluate the dielectric 
function of HOPG. Fig. 4-7(b) shows the comparison of the dielectric functions of HOPG 
obtained from the above analysis and Ref. [56]. As shown in Fig. 4-7(b), the present εr value 
shows any undulation at 0.9 eV which is observed in Ref. [56]. From the above results, we 
consider that the present dielectric function of HOPG can be used to build up the other optical 
models.   
 In the simulation of the GC standard material, we based the present dielectric function of 
HOPG. The fitting results are shown in Fig. 4-7(c). The χ2 of the simulation was 4.845, which 
is larger than that of HOPG. Nonetheless, the observed and simulation data showed a good 
agreement. The comparison of the calculated dielectric functions and those of the GC reference 
[57] is shown in Fig. 4-7(d), from which it is indicated that the present dielectric functions of 
GC are closer to the reference functions than those of HOPG described above. These results 
suggest that our analysis of SE using the BEMA theory is effective, and the selection of the 
standard materials of HOPG and GC are also feasible in the present work. 
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Figure 4-7 Simulation analysis of (Ψ, Δ) spectra and the resultant dielectric factions of HOPG 
(a, b) and GC (c, d) measured at the angle of incidence of 70° . In (a) and (c), the solid line are 
the experimental Ψ and Δ spectra, and the dotted line are simulated Ψ and Δ spectra, respectively. 
In (b) and (d) the solid line are the εr and εi functions, respectively, quoted from Ref. [56, 57], 
and the dotted line are those obtained from the present study. 
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Figure 4-8 Exemplary simulation results of Ψ and Δ spectra of SE method applied BEMA 
equation with first 6 optical models (models (c)–(h)) for FCVA #6 (a, b), PECVD #12 (c, d) 
methods. The other 4 optical models (models (i)–(l)) for PECVD #13 (e, f) methods. 
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Figure 4-8 shows the typical fitting results of Ψ and Δ spectra of SE method with the 
application of the BEMA equations with different optical models. In the first stage, the optical 
models (c)–(h) using diamond as one of the basic standard materials were applied to the 
amorphous carbon films. The simulation results of sample #06 which has low hydrogen content 
are shown in Figs. 4-8(a) and (b). The solid lines represent the experimental data and the dashed 
lines the fitted data in each optical model. Except for Ψ of model (c), the other simulation results 
were in good agreement with the experimental data. The χ2 values of these simulations were 
4.53, 0.93, 0.58, 0.89, 0.61, and 1.13, for the models of (c)–(h). The BEMA densities (ρBEMA) 
calculated by Eq. (5) using the models of (c)–(h) were 3.32, 2.39, 2.08, 2.32, 1.65, and 2.27 
g/cm3, respectively. The calculated ρBEMA of sample #06 using model (d) was close to the value 
of ρXRR. Figs. 4-8(c) and (d) show the simulation of the Ψ, Δ spectra obtained from sample #12 
using the same models (c)–(h), where the simulated spectra showed the large deviation from 
the experiments. The χ2 of these fittings were: 15.23, 4.15, 1.06, 0.84, 1.94, and 0.92 for the 
models of (c)–(h). The calculated ρBEMA were 3.16, 2.42, 1.65, 1.73, 1.53, and 1.39 g/cm3. 
Sample #12 obtained the optimal value of χ2 in the case of model (f). Since samples #10–13 
had high hydrogen content, in the second stage, optical models (i)–(l) are PE adopted as the 
basic standard material and used to simulate the samples. The exemplary results of sample #13 
are shown in Figs. 4-8(e) and (f). All the simulation data showed a good agreement with the 
experimental data. The χ2 of these fitting results using models (i)–(k) were 0.37, 0.36, and 0.33. 
The ρBEMA in these cases were: 1.33, 1.20, and 1.23 g/cm3. In addition, the volume fraction in 
the model (l) showed a negative value, being neglected in the present work. ρBEMA of sample 
#13 is closely agreement with ρXRR in the case of model (k). All the other ρBEMA and ρXRR of 
each sample are listed in Table 4-2. 
4.4.2 Discussions 
4.4.2.1 Comparison of fitting errors 
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Figure 4-9 Mean square errors (χ2) of the fitting results carried out by 6 or 10 optical models 
using BEMA equation. 
 
Figure 4-9 shows all the χ2 values obtained from the BEMA analyses, where 6 or 10 optical 
models are applied for each samples. It is suggested that the fitting result is sufficiently good in 
the case of χ2 ≤ 1, while the calculated spectra cannot reproduce the observed spectra in the case 
of χ2 >> 1. The results of fitting can be rejected in the case of χ2 ≥ 6 because the probability of 
the accuracy of the analysis is less than 1% (degrees of freedom, d = 1) [50, 51, 58]. Most of 
the χ2 values errors of our simulated results were within 6, while a few of them were more than 
6. They are samples #7–13 in the model (c), samples #10 and #13 in the model (d). These results 
indicate that the void or PE plays an important role to improve the accuracy of the simulation 
analysis of the above samples. Therefore, it is necessary to introduce the standard materials of 
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void or PE into the analysis of amorphous carbon films with high hydrogen contents deposited 
by ECR or PECVD methods (such as samples #10–13). As suggested in Fig. 4-9, the χ2 values 
in the model (d) are significantly reduced than that in the model (c). It is demonstrated that the 
introduction of GC into the model (c) instead of HOPG can improve the fitting accuracy.  
Totally the χ2 values in the optical models (c)–(h) are larger than those in the other models 
when the samples have high hydrogen contents, especially, samples #10 and #13. On the other 
hand, the χ2 values of samples #10 and #13 significantly reduced since the C(sp3) standard 
material are represented by PE in the models (i)–(l). It is then indicated that they have a structure 
close to a polymer. Thus, these films can be classified into PLC films. Since model (l) gives the 
total volume fraction of > 100% for the samples #10 and #13, the remaining model (i)-(k) are 
suitable for the high hydrogen content amorphous carbon films.  
4.4.2.2 Comparison of ρBEMA with ρXRR 
Figure 4-10 shows the comparisons of ρBEMA with ρXRR. Optical models (c) and (d) without 
free volumes will be useful for the high density and low hydrogen content amorphous carbon 
films as follows. Fig. 4-10(a) indicates that all the simulation results with model (c) have 
provided the ρBEMA values from 3.0 to 3.5 g/cm3. Only the FCVA samples #01–03 are within 
this range and have small discrepancies with ρXRR. Model (c) is more suitable for the sample 
which has the density more than 3.0 g/cm3 than model (d). Samples #04–06 have the hydrogen 
contents of about 5 at.% from which are considered to be the critical value between amorphous 
carbon films of types I and II or between types I and IV, leading to their densities (2.01–2.62 
g/cm3) lower than the samples #01–03. Our results suggest that the model (d) using GC instead 
of HOPG as the standard material of C(sp2) is suitable for these samples. In models (e) and (f), 
the void is introduced as the free volume. Fig. 4-10(b) shows the calculated results using model 
(e) for the samples #07, #08, and #12 which have the hydrogen contents in the range of 19–36 
at.%. Since samples #05 and #11 result in the closed values with those of ρBEMA by using the 
Chapter 4 Structural analysis of amorphous carbon films  
by BEMA, XRR, and NEXAFS methods 
 
 
 
Structural analyses of amorphous carbon and related films 
115 
model (f), it is also demonstrated that GC plays an important role in the simulation of the low-
density amorphous carbon films. In models (g) and (h), PE was used as one of the standard 
materials. The calculated ρBEMA from the model (g) was lower than the observed ρXRR when 
ρXRR was less than 3.0 g/cm3. Since diamond has a similar dielectric function with PE (see Fig. 
4-1), the low C(sp3) (diamond) fraction and the low ρBEMA will be obtained when diamond and 
PE are simultaneously included. Fig. 4-10(c) shows the results using model (h). Similar to 
model (g), almost all the samples showed lower ρBEMA than ρXRR. For samples #07–09, the 
ρBEMA values obtained from models (i)–(l) agree with ρXRR. We expect that high hydrogen 
content samples, so-called PLC films, can be fully represented by these models. Samples #10 
and #13 are appropriately represented by the model (k). Therefore, based on the above analysis 
and on the combination of the hydrogen content and ρXRR of all the samples, it can be concluded 
that each type of amorphous carbon film has the suitable optical model. First, it can be expected 
that the models (i)–(k) are the most suitable for low density (ρXRR < 1.4 g/cm3) and high 
hydrogen content PLC films (type VI). The amorphous carbon films with the density in the 
range of 1.4 < ρXRR < 3.0 g/cm3 corresponding to the types II, III, and IV can be simulated by 
the optical models (e) or (f). Besides, for the amorphous carbon films having similar ρXRR values, 
and then, difficult to distinguish (e.g. samples #04 and #06), optical model (d) may be more 
suitable than the others. Furthermore, the type I amorphous carbon films (hydrogen free ta-C 
films) having the ρXRR values of more than 3.0 g/cm3, is suitably simulated by the model (c). 
However, the present work has considered any other factors, such as the density of dangling 
bonds. Thus, there will be some errors or deviations between the simulation and measurement. 
Fig. 4-10(d) shows the comparison of ρBEMA and ρXRR. All the BEMA simulations in the present 
work are fully consistent with the measured XRR results. It is therefore indicated that the 
volume fractions obtained by BEMA theory are the potential parameters for the structural 
analysis of amorphous carbon films. 
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Figure 4-10 Comparison of ρBEMA and ρXRR, (a) model (c), (b) model (e), (c) model (h), (d) 
most suitable results in different optical models. 
 
4.4.2.3 Comparison of sp3/(sp3+sp2) ratio obtained from BEMA and NEXAFS 
Table 4-3 shows the sp3/(sp3+sp2) ratios that obtained by the fitting of carbon K-edge 
NEXAFS spectra of samples described in 4.4.1.3 and the volume fraction of each sample in 
4.4.1.4. Fig. 4-11(a), shows a more detailed comparison of the sp3/(sp3+sp2) ratios obtained 
from the above two methods. All the comparison results distribute on the upper or lower sides 
of the middle line. The results can be divided into three categories as shown in Fig. 4-11(a). 
The first and second categories are the diamond (samples #4–8 and #11–12) and PE (samples 
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#9–10 and #13), respectively, as the C(sp3) standard material and the third is the hydrogen free 
ta-C films (samples #1–3). The deviations of the sp3/(sp3+sp2) ratios between the BEMA 
simulations and the NEXAFS data are dependent on the above categories. 
Table 4-3 Volume fraction, sp3/(sp3+sp2) ratio and hydrogen content of amorphous carbon films. 
sample type 
optical 
model 
volume fraction (%) sp
3
/(sp
3
+sp
2
) ratio 
C(sp3) C(sp2) void BEMA NEXAFS 
#01 I c 77 23 - 0.77 0.65 
#02 I c 70 30 - 0.70 0.58 
#03 I c 72 28 - 0.72 0.71 
#04 II or III d 39 61 - 0.39 0.49 
#05 II or III f 26 65 9 0.29 0.38 
#06 II or III d 32 68 - 0.32 0.47 
#07 II or IV e 34 42 24 0.44 0.50 
#08 II or IV e 39 39 22 0.50 0.57 
#09 IV h 33 35 32 (PE) 0.49 0.29 
#10 VI k 68 (PE) 24 8 0.74 0.42 
#11 IV f 21 58 21 0.27 0.38 
#12 IV e 7 54 40 0.11 0.42 
#13 VI k 49 (PE) 34 17 0.59 0.44 
 
The results indicated that the sp3/(sp3+sp2) ratios obtained from FCVA and PVD methods 
have the close values, where the deviations of ratios are around ± 0.1. The amount of hydrogen 
content may be the main reason for the division into the categories. When the hydrogen content 
exceeds about 25 at.%, PE may be more appropriate as the standard material of C(sp3) than 
diamond because the deviations of sp3/(sp3+sp2) ratios between BEMA and NEXAFS would be 
large (see the deviations from sample #07–08 to #11–12) if diamond used. In addition, in the 
simulation of sample #09, the optical model (h) was used where diamond, PG, and PE as the 
standard materials were simultaneously introduced. Although PE is artificially introduced as 
void, however, it has similar dielectric functions with diamond which can also represent the 
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C(sp3) structure of the amorphous carbon films. The sp3/(sp3+sp2) ratio of sample #09 is 0.49, 
where the volume fractions of diamond and PE obtained from this simulation analysis result 
almost in the same values of 33% and 32%. That is to say, even if the PE volume fraction is 
used, almost the same sp3/(sp3+sp2) ratio may be obtained. Therefore, the sp3/(sp3+sp2) ratio of 
sample #09 which belongs to the group of PE as the C(sp3) standard material locates under the 
middle line in Fig. 4-11(a). 
Overall, the comparison between BEMA and NEXAFS method shows highly consistent 
results of the density and sp3/(sp3+sp2) ratios for the films fabricated by the FCVA and PVD 
methods which contain non-hydrogen precursors. When the hydrogen content increases, on the 
other hand, the discrepancy of sp3/(sp3+sp2) ratios between BEMA and NEXAFS tend to 
increase, two aspects reasons should be considered. First, in the present study, BEMA theory 
which is used to simulate the experimental data is taken into account only of the shading factors, 
where each optical model contains the physical combination of different standard materials; 
that the density of dangling bond and the interface effects of different phases and other factors 
in amorphous carbon films have not been considered. Second, the experimental methods of the 
NEXAFS measurements should be taken into consideration. Usually, the total electron yield 
(TEY) and PEY models are used in the measurement of NEXAFS. However, these modes are 
effective for the samples to have electrical conductivity; the amorphous carbon films, especially 
high hydrogen content PLC films, have more complex structures close to the insulators leading 
to the sp3/(sp3+sp2) ratio less than the actual value [20]. In addition, if we removed the data of 
high hydrogen content samples (#9–13) from Fig. 4-11(a), the effect of the PE structure will be 
greatly reduced as shown in Fig. 4-11(b). If appropriate models, diamond or PE, are selected as 
the standard C(sp3) structure, the sp3/(sp3+sp2) ratios of DLC films obtained from BEMA 
method are consistent with that of NEXAFS method. Therefore, the present method of analysis 
can be used to distinguish the so-called DLC (type I–IV) and PLC films. 
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Figure 4-11 Comparison of sp3/(sp3+sp2) ratios of the amorphous carbon films between the 
BEMA and NEXAFS methods. The circle area represents the hydrogen content of the samples. 
(a) comparison of all the results, (b) comparison of the results after the exclusion of the high 
hydrogen content amorphous carbon films. 
 
4.5 Summary 
We analyzed various types of amorphous carbon films with different structure and 
hydrogen contents in the range of 0.3–42 at.% fabricated by FCVA, PVD, ECRCVD, and 
PECVD techniques. The selected five kinds of standard materials (diamond, HOPG, GC, PE, 
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and void) were used to build 10 kinds of the optical models based on the BEMA theory with 
considering the feasibility of each model. All the amorphous carbon samples were measured by 
the SE method and simulated using 10 types of the optical models. The comparisons of the 
density (ρXRR and ρBEMA) and sp3/(sp2+sp3) ratio between BEMA simulation and NEXAFS 
results were carried out for each sample. In summary, based on the BEMA theory, we first 
established the appropriate optical models of the various types of amorphous carbon films and 
successfully made a detailed structural analysis of the selected amorphous carbon films. The 
results indicated that the BEMA method is effective for the structural analysis of amorphous 
carbon films. Especially in the so-called DLC films, good agreements are obtained between 
ρXRR and ρBEMA and between the sp3/(sp2+sp3) ratios from BEMA and NEXAFS methods. 
Finally, the hydrogen content plays a non-negligible role in the structure of all kinds of 
amorphous carbon films; therefore, the method of the structural analysis of amorphous carbon 
films has to be carefully selected. 
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Abstract 
   The structural analysis of amorphous carbon films is not only the premise of its unique 
properties applied in the industrial fields but also the indispensable element on its classification. 
In this letter, we refurbished the classification of amorphous carbon films based on the optical 
constants in terms of refractive index (n) and extinction coefficient (k). In the selected photon 
energy range, we defined the maximum of n (En-max) and k at a value more than 10
-4 (Ek) to 
explore the relationship between the different classification schemes for amorphous carbon 
films deposited by different techniques. We found that Ek and En-max of the deposited amorphous 
carbon films showed to have an exponential relation with the hydrogen contents. Thus, 
spectroscopic ellipsometry analysis can also be used as one of the effective methods on the 
structural evaluation of the amorphous carbon films. 
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5.1 Introduction 
Since the pioneer work of Aisenberg and Chabot in 1971 [1], the research of amorphous 
carbon films has been spreading from their theoretical basis to industrial applications because 
of their outstanding properties in chemical, biological, mechanical, and optical fields [2-5]. 
With the continuous expansion of research, the effective classification of amorphous carbon 
films becomes necessary because their properties depend strongly on the conditions and 
methods of synthesis [6, 7]. In order to classify the amorphous carbon films systematically, 
many attempts have been made so far [2, 8-10]. In these classification schemes, the amorphous 
carbon films can be categorized into six types: tetrahedral amorphous carbon (ta-C), 
hydrogenated tetrahedral amorphous carbon, amorphous carbon, hydrogenated amorphous 
carbon (a-C:H), graphite-like carbon, and polymer-like carbon (PLC) films [2, 7]. The 
hydrogen content and sp2/(sp2+sp3) ratio play crucial roles in these schemes. The former can be 
measured by the Rutherford backscattering/elastic recoil detection analysis (RBS/ERDA) using 
an electrostatic accelerator [11, 12] and the later near-edge X-ray absorption fine-structure 
(NEXAFS) based on synchrotron radiation [13, 2].   
The classification of amorphous carbon films based on the optical constants in terms of 
refractive index (n) and extinction coefficient (k) (at λ=550 nm) has been proposed in 2013 to 
be a straightforward and effective method [14], for which a lot of considerable discussion in the 
past ISO/TC-107 meetings in 2016 (BSI, UK) and 2017 (Tokyo, Japan) has been made [15]. 
Since this method needs to use only a spectroscopic ellipsometry (SE) without the above large-
scale equipment, it is more conducive to simplify the classification of amorphous carbon films. 
However, it is necessary to discuss the consistency between the structural analyses made with 
SE and NEXAFS to improve the structural analysis amorphous carbon films previously studied 
by solid-state nuclear magnetic resonance and NEXAFS [7]. In this letter, we characterize the 
amorphous carbon films by using SE and NEXAFS and try to explore their relationships. 
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5.2 Experimental details 
In this study, various kinds of amorphous carbon films were deposited on a (100)-oriented 
p-type single silicon wafer substrate. Samples A–C were prepared by the filtered cathodic 
vacuum arc deposition which provided by the other research group upon the request of the 
authors. Samples D and E were deposited by radio-frequency (RF) magnetron sputtering at a 
negative bias voltage of 0.3 kV and a deposition time of 3 and 5 min with a working pressure 
of 20 Pa and a RF power of 150 W. Samples F–K were synthesized by RF plasma-enhanced 
chemical-vapor-deposition methods at the same 10-min deposition time and applied negative 
bias voltage in the range of 0.0-0.5 kV [11]. The hydrogen content was measured by 
RBS/ERDA with 2.5 MeV-He+ irradiation using the electrostatic accelerator (NT-1700HS: 
Nisshin-High-Voltage (NHV) Co.) located at the Extreme Energy Density Research Institute, 
Nagaoka University of Technology. The carbon K-edge NEXAFS spectroscopy was used to 
evaluate the sp2/(sp2+sp3) ratios [13], where measurements were made at the BL3.2Ua of the 
Synchrotron Light Research Institute (Public Organization), Nakhon Ratchasima, Thailand. In 
this measurement, the total electron yield mode was selected in the energy range of 275 to 335 
eV at an energy step of 0.1 eV. The true density and film thickness were analyzed by the X-ray 
reflectivity (XRR) (M03XHFMXP3-Mac Science) [16], which is equipped with a Cu Kα source 
at the wavelength of 1.54 Å operated at the electron acceleration voltage of 40 kV with its 
emission current of 15 mA under the condition of the scan range of 0.18–2.00°  and the step 
size of 0.004°. 
  SE is an optical analysis technique based on the polarization state of a linearly polarized 
light reflected from a dielectric material surface to obtain the optical constants represented by 
n and k [14]. The SE measurements were carried out by using a phase modulated spectroscopic 
ellipsometer (HORIBA, Jobin-Yvon, UVISEL-23301010I). The incident angle was 70° in the 
spectral range of 0.6-4.8 eV with a step of 0.05 eV. The ellipsometric analysis was carried out 
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by fitting the experimental data with a model using Tauc-Lorentz dispersion equation which is 
one of the most suitable model to describe the amorphous carbon films [17, 18]. The final result 
was evaluated in the fitting error (χ2) to be the smallest (generally χ2 ≤ 1.0) in each fitting 
analysis. The values of Tauc-band gap (Eg), n, and k can be obtained from the fitting of the 
experimental data. 
5.3 Results and Discussion 
Figure 5-1 shows the typical RBS/ERDA spectra and XRR profiles of samples A (a, b) 
and F (c, d). In Figs. 5-1(c) and (d), the hydrogen content was obtained from the fitting of the 
RBS and ERDA spectra. The C and Si peaks in the RBS spectra attributable to the film and the 
substrate, respectively, are identified using an RBS fitting calculation package (NHV-ERNIE 
ver. 1.0). The H peaks on ERDA spectra are analyzed using an ERDA fitting calculation 
package (NHV-ERNIE ver. 1.55) to compare the peak intensities of C and H [7]. The true 
density and thickness of samples were obtained from the fitting of the XRR profiles as follows. 
In Figs. 5-1(c) and (d), the black curve represents the experimental profile, and the red curve 
the simulation analysis. The true density can be determined by the critical angle, and the 
thickness analyses by the fringe pattern which are obtained with GXRR software based on the 
Parrat’s method [16, 19]. Since the surface roughness of amorphous carbon films is less than 
1.0 nm as shown in the insets of Figs. 5-1(b) and (d), the effect on other measurements (e.g. 
SE) is negligible. The other results are summarized in Table 5-1. The film thicknesses are in 
the range of 66-501 nm, which is included in the acceptable range of RBS/ERDA. Samples A-
C are hydrogen free (under 1.0 at.%) amorphous carbon films with high true density (exceed 
3.10 g/cm3). Samples D and E have the same hydrogen content of 19 at.% and almost the same 
true density of 2.20 g/cm3. As the substrate bias decreases from 0.5 to 0 kV, the hydrogen 
contents of samples E and F increase from 31 to 45 at.% and their densities decrease from 1.73 
to 1.21 g/cm3. The estimated errors of these present fitting process are around 5% (e.g. sample 
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F is 31±2 at.%), ± 0.05 g/cm3, and ± 5 nm, respectively. 
 
 
Figure 5-1 Typical RBS/ERDA spectra (a, c) and XRR profiles (b, d) of amorphous carbon 
films on sample A (a and b) and F (c and d). 
 
Figure 5-2 shows all the carbon K-edge NEXAFS spectra and one typical Gaussian curve-
fitting result of amorphous carbon film (sample A). Each of the spectrum consists primarily 
into the two-edge structures; one is the pre-edge resonance near 285 eV assigned to the 
transition from the C 1s orbital to the unoccupied π＊orbitals principally originating from the 
sp2 and sp sites. The other broadband structure between 288 and 335 eV is related to C 1s→σ＊ 
transitions at sp, sp2, and sp3 sites [11, 20]. The sp2/(sp2+sp3) ratio is obtained by comparing the 
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fraction of the C (1s→π＊) peak area to total area of the spectrum [21] and highly oriented 
pyrolytic graphite.2 The estimated error of the present simulation process is around 5% (e.g. 
sample F is 58.5±2.9%). The hydrogen contents and sp2/(sp2+sp3) ratios of amorphous carbon 
films are listed in Table 5-1. According to our previous classification scheme, the present films 
can be well classified into three types: ta-C, a-C:H, and PLC films [7], although the boundary 
of hydrogen content between a-C: H and PLC film is still controversial [22, 23]. 
 
Figure 5-2 The carbon K-edge NEXAFS spectra of all amorphous carbon films. The 
Gaussian-peak curve-fitting result on sample A NEXAFS spectrum is shown by the dashed 
lines [11, 20]. 
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Table 5-1 Hydrogen contents, sp2/(sp2+sp3) ratios, n, k, En-max, Ek, Eg, thickness (d), and true 
density (ρ) of amorphous carbon films, estimated from the analysis of RBS/ERDA, NEXAFS, 
SE spectra, and XRR profiles. 
sample 
/group 
film type 
H 
(at.%) 
sp2/(sp2+sp3)  
(%) 
n k En-max  
(eV) 
Ek  
(eV) 
Eg  
(eV) 
d 
(nm) 
ρ 
(g/cm3) λ=550 nm 
A I ta-C 0.3 47.9 2.65 0.13 3.45 0.70 0.68 207 3.25 
B I ta-C 0.5 45.6 2.66 0.22 2.55 0.65 0.62 66 3.14 
C I ta-C 1.0 44.3 2.75 0.30 2.00 0.75 0.71 181 3.23 
D II a-C:H 19 56.6 2.34 0.31 1.60 0.65 0.61 312 2.17 
E II a-C:H 19 59.1 2.42 0.29 1.90 0.80 0.76 186 2.21 
F III a-C:H (PLC) 31 58.5 2.17 0.17 2.40         1.05 0.71 491 1.73 
G III a-C:H (PLC) 32 67.1 2.15 0.19 2.20 1.00 0.89 501 1.72 
H III a-C:H (PLC) 36 62.0 2.04 0.07 2.65 1.30 1.05 476 1.49 
I III a-C:H (PLC) 37 64.9 1.97 0.05 2.30 1.15 0.92 457 1.43 
J III a-C:H (PLC) 41 57.5 1.86 0.05 3.35 1.95 1.36 350 1.35 
K IV PLC 45 63.0 1.65 0.00 4.80 2.60 2.55 254 1.21 
 
Figure 5-3(a) shows the results of spectra of n in the photon energy range of 0.6–4.8 eV 
which are evaluated by using a three-layer optical model based on the Tauc-Lorenz and 
effective medium approximation model theory [14]. These films can be categorized into four 
groups based on the n at the energy of 2.25 eV (λ=550 nm). Group I includes samples A–C, 
which n is in the range of 2.65–2.75, and classified as ta-C films. Group II includes samples D 
and E, where n is in the range of 2.34–2.42, and classified as a-C:H films. The difference 
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between the minimum value of n in group I and the maximum value of n in group II is 0.17 and 
between its minimum value in group II and maximum value in sample F is 0.16. In addition, 
the difference of n between samples J and K is 0.16, which is in the same degree with the above-
mentioned differences. The difference between any other two samples is less than 0.1. 
Therefore, the sample K is categorized into group IV, which classified as PLC films in Table I; 
the other samples are categorized into group III, which classified as a-C:H or PLC films. 
Because the present grouping shows a good agreement with the classification of amorphous 
carbon films based on the hydrogen content, sp2/(sp2+sp3) ratio and true density, we validate 
that the gap between the four groups has a practical significance on the classification of 
amorphous carbon films. 
 
Figure 5-3 The spectra of n (a) and k (b) of amorphous carbon films in the photon energy range 
of 0.6–4.8 eV. 
 
Except for sample K with a maximum value of n at ≥ 4.8 eV [23, 24], all the amorphous 
carbon films show the En-max in the range of 0.6–4.8 eV. In this study, En-max is defined as the 
photon energy where n has the maximum value in the selected range. The En-max for each sample 
is listed in Table 5-1 and will be discussed in Fig. 5-4. Figure 5-3(b) shows the k spectra of the 
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samples A–K in the photon energy range of 0.6–4.8 eV. The k of each sample increases with 
photon energy. However, the k spectra have no distinct peak characteristic as seen in n. We 
focus on the threshold energy Ek defined as the photon energy where k has the value more than 
10-4. The optical energy gap Eg of amorphous carbon films is obtained from the Tauc-Lorentz 
model fitting of the experimental data. 
 
 
Figure 5-4 The relationship of (a) n and k over the classification of the deposited amorphous 
carbon films modified from past works [14, 15, 25-28] with wavelength at 550 nm; (b) Tauc-
gap Eg and Ek or En-max ; (c) hydrogen contents and Ek or En-max; (d) sp
2/(sp2+sp3) ratios and Ek 
or En-max. 
 
Figure 5-4(a) shows the relationship between the present classification scheme based on 
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n and k and the previous one based on the hydrogen contents and the sp2/(sp2+sp3) ratios with 
some modifications. According to the later classification, our amorphous carbon films are 
categorized into three types as shown in Fig. 5-4(a). However, the boundary between PLC and 
a-C:H is still controversial as specified in the range of n =1.8–2.2 and k = 0.0–0.25 in Fig. 5-
4(a). It is necessary to construct a database which is large enough to establish the 
straightforward and practical method to classify the amorphous carbon films in the future. Eg is 
often used to characterize practical optical properties of amorphous carbon materials [29, 30]. 
Figure 5-4(b) shows Ek and En-max as a function of Eg of the present samples. It is found that 
both Ek and En-max are higher photon energy than its Eg. In particular, the Ek are distributed in 
the range of 0.65–2.60 eV and closed to Eg. In other words, Ek can also be used to roughly 
estimate Eg. In addition, we found that the hydrogen content and Ek have an exponential 
relationship, and En-max also exponentially increases in the hydrogen contents above 15 at.% as 
shown in Fig. 5-4(c). However, in Fig. 5-4(d), both Ek and En-max seem to be an ambiguous 
correlation with the sp2/(sp2+sp3) ratios. It might be explained in a way that, in the hydrogenated 
amorphous carbon films, C-H bond plays an crucial role in the cluster formation and its 
electrical conductivity rather than the sp2/(sp2+sp3) ratio does [7, 31, 32], even though Ek and 
En-max fairly link with Eg as shown in Fig. 5-4(b). It is noteworthy that a noticeable gap observed 
in the hydrogen content about 5-15 at.% is possibly corresponding to the gap appeared in the 
sp2/(sp2+sp3) ratios between about 50–55%. The hydrogen content tends to be a continuous 
distribution when it exceeds 20 at.% [12, 33-35], while it seems to be a discontinuous 
distribution when it under 20% [36-38]. The existence of the gaps should be an important 
evidence and root cause that why the amorphous carbon films can be classified, and also 
corresponds to the results of the analysis in Fig. 5-3(a). Thus, the hydrogen content should be 
the decisive factor affecting the optical properties of amorphous carbon films. SE spectral 
analysis based on Ek and En-max can facilitate the assessment of amorphous carbon films. 
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5.4 Summary 
In summary, the structural analysis of a variety of amorphous carbon films was performed 
by using a combination of SE, RBA/ERDA, NEXAFS, and XRR. The results suggested that 
the optical constants (n and k) obtained from SE could be a practical tool to classify the 
amorphous carbon films to some extent. Simultaneously, we also found that Ek and En-max of the 
present amorphous carbon films exhibit to have exponential dependencies on the hydrogen 
contents. In particular, the ellipsometrically measured Ek is useful to identify the hydrogen 
contents of the amorphous carbon films in the range from 0 to 50 at.%. 
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Chapter 6 
 
General conclusions 
 
 
 
 
 
In this study, the structural analyses of amorphous carbon films were carried out by various 
spectroscopy of NEXAFS, SE-BEMA, and solid-state NMR. The estimation of the amount of 
polymer-like phase in the amorphous carbon films which is strongly associated with the 
hydrogen content and sp2/(sp2+sp3) ratio component is the focus of the thesis. While the 
amorphous carbon film was subjected to thorough structural analysis, their appearance color, 
hardness, density, and optical constants were also utilized to explore the relationship between 
their structure and types. The most important conclusions obtained in this study were 
summarized as below: 
In Chapter 2, the 32 colorful amorphous carbon film samples which obtained from 
different chemical and physical deposition techniques were used to confirm the relationship of 
the appearance color and their film types, by using SE, RBS/ERDA, pico-indentation, and 
CIELAB colorimetric system methods. From the characterizing the film thickness, extinction 
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coefficient, hardness, hydrogen content, and CIELAB color space distribution, the results 
suggested that the appearance color characteristics of amorphous carbon films showed a 
significantly different depend on the film types. The appearance color of amorphous carbon 
films has a great potential in evaluating the film types. 
In Chapter 3, two types of hydrogenated amorphous carbon films with different chemical 
compositions, physical properties, and structures were deposited by ECR-CVD with applied 
negative bias voltages. The H/C atomic ratios extracted from RBS/ERDA and NMR spectra 
were consistent with each other, giving an indirect proof of showing that the present NMR 
analysis provided a significant contribution. The comparison of the quantitative analysis of the 
sp3/(sp2+sp3) ratio for the hydrogenated amorphous carbon films by the NEXAFS and solid-
state NMR methods suggested that it was possible to separate the signals of polymer-like phase 
and network C-sp3 by solid-state 13C NMR. The results also suggested that the sp3/(sp2+sp3) 
ratio obtained from the NEXAFS method would deviate from its true value when the polymer-
like phase is large. The hydrogen content plays a non-negligible role in all kinds of amorphous 
carbon films, hence, the analytical methods to determine of the high hydrogen content of 
amorphous carbon films have to be carefully selected. 
In Chapter 4, the selected five kinds of standard materials (diamond, HOPG, GC, PE, and 
void) were used to build 10 kinds of the optical models based on the BEMA theory with 
considering the feasibility of each model. Various types of amorphous carbon films with 
different structure and hydrogen contents fabricated by FCVA, PVD, ECRCVD, and PECVD 
techniques were measured by the SE method and simulated using 10 types of the optical models. 
The comparisons of the density (ρXRR and ρBEMA) and sp3/(sp2+sp3) ratio between BEMA 
simulation and NEXAFS results were carried out for each sample. Based on the BEMA theory, 
the author firstly established the appropriate optical models of the various types of amorphous 
carbon films and successfully made a detailed structural analysis of the selected amorphous 
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carbon films. The results indicated that the BEMA method is effective for the structural analysis 
of amorphous carbon films. Especially in the so-called DLC films, good agreements are 
obtained between ρXRR and ρBEMA and between the sp3/(sp2+sp3) ratios from BEMA and 
NEXAFS methods. 
In Chapter 5, the structural analysis of a variety of amorphous carbon films was performed 
by using a combination of SE, RBA/ERDA, NEXAFS, and XRR. The results suggested that 
the optical constants (n and k) could be a practical tool to classify the amorphous carbon films 
to some extent. Simultaneously, the defined Ek and En-max of the present amorphous carbon films 
exhibit to have exponential dependencies on the hydrogen contents. In particular, the 
ellipsometrically measured Ek is useful to identify the hydrogen contents of the amorphous 
carbon films in the range from 0 to 50 at.%. 
In conclusion, after using the different physical and chemical deposition methods to make 
various types of amorphous carbon films, the comprehensive structural analysis of amorphous 
carbon films were carried out by the existing technologies of Raman, RBS/ERDA, NEXAFS, 
solid-state NMR, SE, and BEMA. From the comparisons between NEXAFS and solid-state 
NMR, as well as BEMA, the author found the hydrogen content plays a non-negligible role in 
all kinds of amorphous carbon films. The comparison results of solid-state NMR and NEXAFS 
proved the latter would deviate from its true sp3/(sp2+sp3) ratio of the network structure when 
the amounts of polymer-like phase is large. The simulation analyses of SE-BEMA also 
indicated that polymer-like phase directly affects the sp3/(sp2+sp3) ratio obtained by NEXAFS 
in the structural analyses of amorphous carbon films. Thus, solid-state NMR and SE methods 
demonstrate that not only the polymer-like components exist in the amorphous carbon films but 
also give us more accurate sp3/(sp2+sp3) ratio of the network structure. 
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Appendix A: BEMA theory 
  The fundamental principle of the EMA theory is based on Lorentz local electric field when 
the spherical dielectric material is inserted to the capacitor. When the molecular dipole moment 
having polarizability of α is uniformly distributed to be the number density of N, the dielectric 
constant ε of the medium can be expressed as 
ε − 1
ε + 2
=
Nα
3ε0
,     (A.1) 
where ε0 is the permittivity of vacuum. In the case that a material consists of a mixture of two 
phases, the right-hand side of Eq. (A.1) can be expressed in terms of the molecular 
polarizabilities of two species as 
ε-1
ε + 2
=
1
3ε0
(Naαa+Nbαb),     (A.2) 
where Na, Nb, αa, and αb are the number densities and molecular polarizabilities of the two 
species of dielectric media. If the volume fractions of the dielectrics a and b in the mixed phase 
are fa and fb, respectively, Eq. (A.2) can be expressed as 
ε-1
ε+2
=f
a
εa-1
εa+2
+f
b
εb-1
εb+2
.     (A.3) 
  This equation is called as Lorentz-Lorentz equation, which is a fundamental expression of 
the EMA theory, where εa and εb were the permittivities of dielectrics a and b, respectively. 
When the surrounding medium is not the vacuum but a medium of the permittivity of εh, Eq. 
(A.3) becomes 
ε-εh
ε+2εh
=f
a
εa-εh
εa+2εh
+f
b
εb-εh
εb+2εh
.     (A.4) 
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  If fa and fb are largely different, for example the medium b scattered in medium a, εa = εh can 
be assumed. Then, 
ε-εa
ε+2εa
=f
b
εb-εa
εb+2εa
.     (A.5) 
  This equation is called as MGEMA equation, where fb is called as the packing density. When 
the fa and fb are the same and ε = εh, Eq. (A.4) becomes 
f
a
εa-ε
εa+2ε
+f
b
εb-ε
εb+2ε
=0,     (A.6) 
where fa + fb =1. Eq. (A.6) is the theoretical basis of BEMA [27, 43]. In the case that a material 
consists of a mixture of three or more species, the above equation can be extended into the sum 
of the permittivity contributions from the individual components [28] indexed by i in the 
following form 
∑ f
i
εi-ε
εi+2ε
n
i=1
=0,     (A.7) 
where εi and fi are the permittivity and volume fraction of the component standard materials, ε 
is the permittivity of the medium (mixed phase or materials), n is the total number. In Eq. (A.7), 
∑ f
i
n
i=1
=1     (A.8) 
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Appendix B: TL+Drude model 
  Spectroscopic Ellipsometry (SE) is a technique based on the measurement of the relative 
phase change of reflected polarized light in order to characterize the optical functions and other 
properties of thin films. The measured SE data is analyzed by a model expressed as the layers 
of materials. The models use dispersion formulas that evaluate the material’s optical properties 
by adjusting specific parameters. In this Appendix, the TL+Drude model used in this study 
explained as described below. 
  The fundamental of this model is the Lorentz classical theory [1] based on the classical theory 
of interaction between light and matter describing the frequency dependent polarization due to 
bound charge. In this theory, the bindings between electrons and nucleus are supposed to be a 
mass-spring system, where the absorption of an electromagnetic field by electrons is described 
as the damped harmonic oscillators. The Lorenz oscillator is not suitable for describing the 
properties (presence of gap energy and quantum effects) of real absorbing (amorphous, 
semiconductors) materials. 
  The Drude’s model [2] is based on the kinetic theory of electrons in a metal which assumes 
that the material is motionless in this model and uses classical mechanical theory of free 
electron. It has been constructed in order to explain the transport properties of conduction 
electrons in metals (due to inter-band transitions in a quantum-mechanical interpretation), 
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conductive oxides and heavily doped semiconductors. Since the conduction electrons are 
considered to be free, Drude oscillator is an extension of the single Lorentz oscillator to the 
case where the restoring force and the resonance frequency are null (Γ0=0, ω t=0). Two 
parameters ωp and Γd are used in the Drude’s model. The ωp is the plasma frequency and Γd (in 
eV) is the collision frequency. Both ωp and Γd influence the real and imaginary parts of the 
dielectric function. It corresponds to the photon energy position where εr(ω) is approximately 
zero. As ωp increase, the amplitude of εr(ω) and εi(ω) increases too. Generally, for metals 0< Γd 
<4. This model can well explain the optical properties of metallic samples and heavily doped 
semiconductors but does not take into account the concept of optical energy band gap Eg of 
semiconductors and the quantum effects. 
  Jellison and Modine developed the model [3] using the Tauc joint density of states and the 
Lorenz oscillator, where the complex dielectric function is expressed as, 
ε̃TL=εr, TL+i∙εi,TL=εr,  TL+i∙(εi,T×εi, L),     (B.2) 
εi,T and εi,L represent Tauc’s [4] dielectric function with Lorentz one, respectively. In the 
approximation of parabolic bands, εi,T is expressed in terms of the inter-band transitions above 
the band edge as: 
{
εi,T(E > Eg)= AT∙ (
E-Eg
E
)
2
εi,T(E ≤ Eg)= 0               
,      (B.3) 
where AT is the Tauc coefficient, E is the photon energy, Eg is the optical band gap. The 
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imaginary part of the Lorentzian oscillator model is given by: 
εi,L(E) = 
AL∙E0∙C∙E
(E2-E0
2)
2
+C2∙E2
,     (B.4) 
where AL is the strength of the εi,L (E) peak, C is the brodeing term of the peak, E0 is the peak 
central energy. By multiplying Eq. (B.2) by Eq. (B.3), Jellison sets up a new expression for εi,L 
(E): 
εi, TL(E) = εi,L×εi,T = {
1
E
∙
AE0C(E-Eg)
2
(E2-Eg
2)
2
+C2E2
   for  E > Eg
0                       for E ≤ Eg
,     (B.5) 
where A=AT×AL. The real part of the dielectric function εr (E) is derived from the expression of 
using the Kramers-Kronig integration. Then, εr (E) is expressed as: 
εr(E) = εr(∞)+
2
π
∙P∙∫
ξ∙εi(ξ)
ξ2-E2
∞
Eg
dξ,     (B.6) 
where P is the Cauchy principal value containing the residues of the integral at the poles located 
on the lower half of the complex plane and along the real axis. According to Jellison and Modine, 
the derivation of the previous integral yields: 
εr,TL(E) = ε∞+
A∙C∙aln
2∙π∙ξ4∙α∙E0
∙ln [
E0
2+Eg
2+α∙Eg
E0
2+Eg
2-α∙Eg
] -…  
-
A
π
∙
aatan
ξ4∙E0
∙ [π-arctan (
2∙Eg+α
C
)+arctan (
α-2∙Eg
C
)]+…  
+
4∙A∙E0∙Eg∙(E
2-γ2)
π∙ξ4∙α
× [arctan (
2∙Eg+α
C
)+arctan (
α-2∙Eg
C
)] -…  
-
A∙E0∙C∙(E0
2+Eg
2)
π∙ξ4∙E
∙ln (
|E-Eg|
E+Eg
)+…  
+
2∙A∙E0∙C
π∙ξ4
×Eg∙ln [
|E-Eg|∙(E+Eg)
√(E0
2-Eg
2)+Eg
2∙C2
],     (B.7) 
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where  
{
 
 
 
 
 
 
aln = (E0
2-Eg
2)∙E2∙C2+E0
2∙(E0
2+3∙Eg
2)
aatan = (E0
2-Eg
2)∙(E0
2+Eg
2)+Eg
2∙C2     
α =√4∙E0
2-C2
γ =√E0
2-
C2
2
     
                                 
ξ4=(E2-γ2)+α2∙C2∙
C2
4
.     (B.8) 
  In addition, the Tauc-Lorenz model requires εi to be zero for energies less than the band gap. 
Consequently, Tauc-Lorenz model does not take into account the intra-band absorption; in 
general, defect or inter-band absorption increases εi below the band gap, leading to insufficient 
fits. 
  Finaly, TL+Drude model is formulated by combining the Tauc-Lorenz and Drude term. In 
this model, the dielectric function ε(E)= εr(E) – iεi(E) (εr and εi denote the real and imaginary 
part of the permittivity), is expressed as 
ε(E) = εTL(E)+εD(E),     (B.9) 
where εTL(E) and εD(E) indicate the dielectric functions calculated by the TL and Drude models, 
respectively. In the TL model, the dielectric function can be fitted by using five parameters ATL, 
C, ET, E0, ε1(∞), which represent the amplitude, broadening parameter, Tauc optical gap, peak 
transition energy, and energy-independent contribution to εi(E), respectively. The expression 
for εD(E) is given by: 
εD(E) = -
AD
E2-iΓDE
 = (-
AD
E2+ΓD
2 ) -i (
ADΓD
E3+ΓD
2 E
) ,     (B.10) 
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where AD, ΓD denote the amplitude and broadening parameter, respectively. In the Drude theory, 
AD is expressed as 
AD = ε∞Ep
2,     (B.11) 
Ep = 
h
2π
ω
p
= [
(
h
2π
)
2
e2Nopt
m*ε∞ε0
]
1
2⁄
,     (B.12) 
where ε∞ is the high-frenquency dielectric constant and Ep is the plasma energy, respectively. 
In Eq. (B.12), ωp, e, Nopt, and E0 show the plasma angular frequency, electron charge, optical 
carrier concentration, and free-space permittivity, respectively.   
  On the other hand, ΓD in Eq. (B.10) is given by: 
ΓD = 
h
2π
γ = 
he
2πm*μopt
,     (B.13) 
where γ and μopt denote the broadening parameter in angular frequency and optical mobility. 
According to Eq. (B.11) – (B.13), Nopt and μopt can be obtained from AD and ΓD if m* is known, 
from which the optical conductivity of the films is also obtained by σopt=eNoptμopt. At 
sufficiently low energies, the real part of εTL (E) shows the constant value of ε∞. At this condition, 
εr(E) can be written as: 
εi(E) = ε∞-
AD
E2+ΓD
2 .     (B.14)  
  In addition, the imaginary part (εi) of the dielectric function of the TL-Drude model is 
described by: 
εi(E) = 
{
 
 
ATLE0C(E-Eg)
2
(E2-E0
2)
2
+C2E2
∙
1
E
+
ADΓD
E3+ΓD
2 E
,  for E>Eg
ADΓD
E3+ΓD
2 E
,                             for E<Eg
,     (B.15) 
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where ( ATL, C) are oscillator strength for the TL model. 
   Science the TL+Drude model is a combination of the two models, it has the common 
advantages of the Tauc-Lorenz and Drude models and can be adapted to various types of 
dielectric materials, especially, amorphous materials having the complex dielectric function and 
band gap energy. 
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